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2Abstract
Low back pain is the most common cause of disability in the United Kingdom
with health care costs of more than 1 billion pounds per year. One reason associ-
ated with low back pain is the degeneration of intervertebral discs due to loads on
the spine. Daily postures such as standing and sitting produce different loads on
the discs. Previously, many studies investigated the stress and pressure within
the disc in these postures. The results do not agree with each other and the
experiments have many limitations.
The aim of this project was to assess the feasibility of incorporating magnetic
resonance (MR) imaging and finite element (FE) analysis to predict the pressure
and stresses developed by different daily postures in an individual.
Transient and non-transient subject specific 2D models of nine individuals in
standing and sitting were created based on previously acquired MR images. The
geometry of these FE models was based on supine MR images. The sitting and
standing boundary conditions were calculated by comparing their MR images with
the supine posture. The results showed that for six subjects sitting created more
intradiscal pressure compared to standing and in one subject standing more than
sitting. For two of the subjects the pressure was nearly the same in sitting and
standing.
Because of the 2D model’s limitations, 3D models of an individual were devel-
oped. Both transient and non-transient models of the individual were created. The
intradiscal pressure results were three times lower compared to the 2D models.
This was due to consideration of out of plane deformation in the 3D models. These
results were in the range of in-vivo and in-vitro measurements available in the
literature.
In conclusion, it was possible to create kinematic transient subject specific
FE models based on the MR images in different postures. 2D models provide a
method for comparing the postures but 3D models may be more realistic.
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Chapter 1
Introduction
Low back pain is identified as the most common cause of disability in the United
Kingdom (Duthey 2013). It costs the health care serves more than 1 billion pounds
a year (Maniadakis & Gray 2000), causes more than 100 million work day losses
(Duthey 2013) and is treated as a burden on the economy (Maetzel & Li 2002).
Intervertebral disc degeneration is known to be one of the causes of the low
back pain (Raj 2008). Disc degeneration can be the result of the loads on the
spine (Adams 2012, Yang et al. 2011) and determination of the spinal loadings
help the understanding of the sources and the cures of disc degeneration.
During the day, the spine adopts different postures. These daily postures
(e.g. standing, sitting and lying down) apply different loads to the spine. Many
experiments (Nachemson & Morris 1964, Sato et al. 1999, Wilke et al. 1999,
Rohlmann et al. 1999, Althoff et al. 1992) have tried to measure the intradiscal
pressure in different postures. However, these experiments have some limitations,
some are invasive and their results do not agree with each other (Claus et al.
2008).
Finite element models offer a non-invasive way of assessing the loads and
pressure and their distribution on the spine. Moreover, with imaging data, there is
a possibility of developing subject specific models for different individuals. Many
different models have investigated the kinematic response of the disc to applied
forces and moments (Dreischarf et al. 2014). An alternative approach is to apply
kinematics and calculate the pressure and loads in the disc by the use of imaging
techniques.
The aim of this project was to assess the feasibility of combining finite element
models and magnetic resonance imaging to investigate the intradiscal pressure
associated with standing and sitting. In this approach, firstly, the geometry was
created based on the specific imaging data, acquired previously, in the supine pos-
ture. The lumbar spine displacement and rotation in standing and sitting postures
were calculated by comparing the lumbar spine images in those postures with
the supine posture. The time dependant behaviour of the spine was investigated
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by creating a transient model alongside the elastic model for standing and sitting.
The overall intradiscal pressure, disc pressure distribution and the annulus bulging
were compared to the available experimental data in the literature. Finally, the sen-
sitivity of the model to the changes in the input movement and material properties
were assessed.
The background necessary to understand this thesis is given in Chapter 2.
This chapter covers the spine anatomy, different experiments that measure and
existing models that calculate the intradiscal pressure. Chapter 3, first explains
the fundamentals and the theory behind finite element analysis. Then, it reviews
lumbar spine finite element models in the literature and the techniques to model
the lumbar spine. Chapter 4 includes the analysis of the imaging data to determine
the postural changes. It also includes an initial attempt to create a transient and
non-transient kinematic 2D models using magnetic resonance data. In Chapter 5,
these 2D models are improved by incorporating the fibres of the annulus. Also,
additional fluid boundary conditions are implemented in the transient model. The
results of these models are discussed in detail and compared to available literature.
Furthermore, the response of the improved 2D models to changes in the input
properties are investigated in a sensitivity analysis. A 3D sitting models of one
subject is created in Chapter 6 to improve the 2D models’ shortcomings. These
elastic and poroelastic models are based on the 3D magnetic resonance images
of one individual in the supine posture. The applied boundary conditions are the
average value of the calculated displacement and rotation for the 2D models. Also,
2D models with the same inputs are created to be compared to the 3D model
results. Finally, the methods used and the future works are discussed in Chapter 7.
The limitations of each approach and model are listed and the intradiscal pressure
results are compared with the experimental results in the literature.
Chapter 2
Background
2.1 Overview
This chapter provides background information needed to understand the rest
of the thesis. The gross anatomy and biology of the spine and more detailed
anatomy of the vertebrae and the discs are discussed in section 2.2. After that,
the experimental approaches to measure the loads or the pressures in the discs
in different postures are reviewed in section 2.3. Section 2.4, reviews different
modelling strategies to investigate these loads and pressure.
2.2 The spine
2.2.1 Introduction
The biomechanical function of the spine can be summarized as allowing move-
ments, carrying loads and protecting the spinal cord and nerves (Panjabi 1992).
If viewed from the side, the “double S” shape of the spine is separated into four
curves: cervical lordosis, thoracis kyphosis, lumbar lordosis and sacral kyphosis
as shown in figure 2.1.
Different anatomical terms and planes have been defined to identify the coor-
dinates of the human body. These planes and the anatomical directions of the
human body are shown in figure 2.2.
The spine is created from a mixture of hard and soft tissues. These tissues are
introduced in the current section briefly; Bogduk (2005), Kurtz et al. (2006) and
Adams et al. (2007) offer more and detailed information on the spine.
2.2.2 Vertebrae
In order to provide rigidity, the spinal column consists largely of bone, in the form
of ‘vertebrae’. The rigidity of the spinal column is essential for humans to be able
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to walk upright (Adams et al. 2007). Figure 2.1 illustrates the variability of the
vertebrae in different regions of the human spine. This thesis considers the lumbar
spine (and part of the sacrum) only. The five lumbar vertebrae are numbered from
“L1” to “L5” in the caudal direction. The first sacral vertebra is referred to as the
“S1” level.
Figure 2.1: Regions of the spine; cervical, thoracic, lumbar and sacrum (Adams et al.
2007).
Figure 2.2: The anatomical planes in the body and medical directions.
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Figure 2.3: Three main part of vertebra; 1. vertebral body 2. pedicles and 3. posterior
bony elements (Bogduk 2005).
Despite variations in vertebra geometry and size with respect to the lumbar level
(Fawcett 1932), and subject (Zhou et al. 2000), the vertebral features reappear
in all the levels and subjects. The main parts of the vertebrae are the vertebral
bodies, pedicles and posterior elements as shown in figure 2.3.
The anterior part of the vertebra is called the vertebral body. If viewed from the
top or bottom, it has a kidney shape with smooth surfaces. The vertebral bodies are
connected to the posterior part by two “pedicles”. Pedicles transmit load from the
vertebrae to the posterior elements. Posterior elements provide attachment sites
for ligaments and muscles. The posterior elements and pedicles, together, form a
curve of bone at the back of the vertebral body called neural arch. If we continue
to investigate vertebra from the pedicles towards the middle, we would find two
bones fused in the mid-line called ‘lamina’. Each corner of the lamina is enlarged
into a new region. These corners are named “inferior articular processes” and
“superior articular processes”depending on their anatomical position. ‘Facets’ of
the articular processes are the articular cartilage sheet on the the medial direction
of each superior articular process and the lateral direction of the inferior articular
process. The posterior part of the lamina is an axe shaped bone named the
“spinous process”. This feature can be felt when touching the skin on the spine.
“Transverse processes” can be found on the lateral sides of the lamina. All of these
features are shown in figure 2.4.
The vertebral body is created from spongy bone, called cancellous or trabecular
bone, surrounded by a thin hard shell, called cortical bone. Trabaculae in the
vertebral body account for only 14% to 25% of the whole vertebral body volume
(Nottestad et al. 1987). This design has numerous advantages (Bogduk 2005).
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Figure 2.4: The parts of a typical lumbar vertebra: AP, accessory process; iaf, inferior
articular facet; lAP, inferior articular process; L, lamina; NA, neural arch; P, pedicle;
saf, superior articular facet; SAP, superior articular process; SP, spinous process; TP,
transverse process; VB, vertebral body (Adams et al. 2007).
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Figure 2.5: Intervertebral discs anatomy (Kurtz et al. 2006)
Firstly, the pores in the cancellous bone reduce the weight of the vertebra remark-
ably. These pores are filled with capillaries that feed other parts of the bone and
disc. Also, this design allows the vertical pressure to be transmitted to transverse
tension within the vertebra. This would help the vertebra to be able to carry more
loads.
Lumbar vertebrae are connected to one another by three attachments; one
between the vertebral bodies and the other two between the superior articular
processes of one and inferior articular process of the above vertebra. Each of the
joints between the articular processes of vertebral bodies are called zygapophysial
joint. There are other names for zygapophysial joints as apophysial joint or facet
joint. The joint between the two vertebrae is referred to as “interbody joint”.
2.2.3 Intervertebral discs
Vertebral bodies are connected together by interbody joints. In humans, the joint
is a soft tissue, namely “intervertebral disc” to join the two vertebral bodies as
the inter body joint. This soft tissue allows the spine to undergo various types of
movement.
Intervertebral discs are soft tissues formed of the ‘nucleus pulposus’ in the
centre surrounded by the ‘annulus fibrosus’. The nucleus pulposus is a hydrated
gel made mainly from water (70%−90%) (Bogduk 2005). The nucleus is surrounded
radially by highly organized non-continuous layers of collagen fibre, to create the
annulus. The annulus is 70% water and the fibres construct 70% of the dehydrated
annulus (Urban et al. 1982). These fibres make an angle of 65◦ with respect to
vertical axis (Urban et al. 1982). Each of these layers create a bigger layer of
sheet called ‘lamella’. The unique structure of the disc (the nucleus in the middle
surrounded by the fibres of annulus) prevents the disc from buckling whilst allowing
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Figure 2.6: The proteoglycan structure; the long chains of polysachride , GAGs, are linked
to a core protein to create Proteoglycans.
the spine to move and carry weights (Adams et al. 2007).
2.2.4 Endplates
In the disc, both the annulus and the nucleus are connected to the vertebral bodies
by the vertebral endplates from both cranial and caudal directions.The endplates
allow nutrition to pass through from vertebrae to the disc. They also allow the fluid
to flow through them. There are two parts to the endplates: calcified endplate and
cartilage endplate.
2.2.5 Proteoglycans and glycosaminoglycans (GAGs)
Proteoglycans are long chained molecules that are found in the disc Bogduk (2005).
They are formed of long chains of polysaccharides namely, glycosaminoglcans
(GAGs), linked to a protein (Figure 2.6) Ehrlich et al. (1999). These molecules are
fixed in the disc tissue and would not leave the disc in normal circumstances. The
mechanical properties of the disc are dependant the proteoglycan content Iatridis
et al. (2007). Proteoglycans are negatively charged and constitute create 15%
and 5% of the wet weight of nucleus and annulus respectively (Raj 2008).
2.2.6 Ligaments, muscles and the spinal cord
Other than vertebrae and intervertebral discs, muscles and ligaments are also
present in the spine. The ligaments are soft tissues connecting the bones together
and limiting the body movement. In the spine, ligaments provide support to the
spinal column motion by preventing over-flexion and over-extension. Posterior lon-
gitudinal ligaments (PLL) resisting over-flexion and anterior longitudinal ligaments
(ALL) resisting over-extension are two examples. They run from the top to the
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bottom of the spine, covering the annuli and vertebrae.The muscles in the spine
are the only tissues capable of being active.
Other than ligaments and muscles in the spine, the ‘spinal cord’ passes through
neural arch. The lower part of the spinal cord in the lumbar region, is the collection
of nerve roots rather than a cord.
2.2.7 Spine movement and its effects
The spine can undergo a selection of limited movements. It can flex and extend in
the sagittal plane, laterally bend in the coronal plane and twist in the axial plane
(figure 2.7).
In daily life, the spine assumes various postures. In each posture, different
loads are applied on the spine and intervertebral discs. Some postures result in
higher loads on the discs, compared to the others. As a result of these loadings, the
height of the disc decreases while the disc pressure increases. In the occurrence
of excessive disc pressure, the nucleus pushes the annulus out and makes it
bulge.
Another result of the excessive disc pressure, caused by the loads on the
spine, can be disc degeneration, and subsequently chronic back pain (Adams et al.
2007). Degeneration causes changes in the disc material properties such as how
elastic and how stiff the disc is(Adams & Dolan 2005). The posterior part of the
annulus contains nerves, which can identify pain. If the disc degenerates, these
nerves can grow into the centre of the nucleus (Adams & Dolan 2005).
? suggests that the disc degeneration can be divided into “endplate-driven
degeneration” and “annulus-driven degeneration”. The endplate-driven degen-
eration is associated with endplate defects and occurs in the upper lumbar and
thoracic spine while the annulus-driven degeneration is associated with annulus
fissures and occures in lower lumbar spine. There is a moderate association of
endplate-driven degeneration and pain. This pain is caused by spinal compression.
Annulus-driven degeneration, however, has a strong association with pain and is
Figure 2.7: The spine movement; flexion, extension and axial torsion (Kurtz et al. 2006).
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caused by spinal loading.
For these reasons, the knowledge of the disc pressure in each spinal position,
or posture, is highly crucial. Numerous experiments and models have been
designed to investigate the pressure in the disc defined as intradiscal pressure
(IDP).
2.3 Experiments on the effects of posture on the
intervertebral discs
2.3.1 Introduction
In this section, the experiments designed to compare the effects of different
postures on the disc pressure, or load, are reviewed. For comparison purposes,
only supine, standing and sitting pressure or load measurements are considered
in this review section.
One way of comparing the effects of posture is by measuring the intradis-
cal pressure (IDP) directly. In these experiments, known as discometry, IDP is
measured directly by inserting a pressure transducer needle, connected to a
measuring device, into the nucleus. These measurements are invasive and, con-
sequently, have been limited to small number of subjects. Section 2.3.2 reviews
these experiments.
Depending the shape of the spine in the acquired posture, the pressure on
the discs would change. This would result in different disc heights, and therefore,
spinal heights. In a number of studies, reviewed in section 2.3.3, the changes
in the heights were measured as an indication of the load on the spine; the less
spinal shrinkage, the less load on the spine.
In another set of studies, the loads on the vertebral bodies were measured in
the spinal surgery. In these experiment, reviewed in section 2.3.4, the loads on the
vertebral bodies were measured before and after surgery by telemetric implants.
2.3.2 Discometry
In the early 1960s, Nachemson (1963) designed a discometry system to measure
the IDP. IDP is referred to as the hydrostatic pressure measured in the centre of
the healthy nucleus (Claus et al. 2008). In this system, the pressure was measured
by inserting a needle transducer into a healthy cadaver lumbar disc. He measured
the IDP in different degrees of flexion and extension.
In 1964, Nachemson & Morris (1964) used this method to measure the IDP,
in-vivo for the first time. This experiment was performed in different levels of the
spine and in different individuals. They investigated the IDP in different loadings
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(by holding weights whilst standing) and different postures. Also, based on X-rays,
the diameter of the disc, and therefore the disc area, were calculated. In their
results, they observed a decrease in the nucleus pressure in standing compared
to sitting and an increase compared to lying down, in all of the subjects.
In 1970, Nachemson & Elfstrom (1970) upgraded this system by using a more
advanced measurement device. With this upgrade, the pressure was measured
faster and more accurately. IDP in subjects with healthy discs was measured in a
variety of activities such as lying supine, standing and sitting. The mean results
of the pressure or load in the supine posture was reduced by 70%, compared to
standing. In the sitting posture the results were increased by 40%.
In 1975, Nachemson (1975) claimed that the results reported earlier (Nachem-
son & Elfstrom 1970) are higher due to the error associated with heating of the
needle’s tip. The corrected and final results of the mentioned experiments were
reported in the Nachemson (1981) review (Table 2.1).
In 1999, Wilke et al. (1999) directly measured the IDP by using a new transducer
on one subjects. They improved Nachmson’s method by using radiography to
check the placing of the needle in the centre of the L4L5 nucleus. The needle
transducer accuracy was improved as well. A range of activities including lying
supine, standing and sitting were studied. The IDP measured in standing was
0.5 MPa while in lying supine was 0.1 MPa. Contradictory to Nachemson results,
the sitting IDP was measured to be 0.46 MPa, less than standing (Table 2.1). It
was concluded that this contradiction is the result of using an improved transducer
and the positioning of the needle tip with respect to radiography. This experiment
was repeated using the same subject with more variety set of activities (Wilke et al.
2001). The results did not change compared to the previous experiment. This
experiment had one subject, only.
A similar in-vivo experiment, with a different transducer, was carried out in
1999 by Sato et al. (1999). They measured the “vertical and horizontal postural
IDP” (stresses) in the L4L5 nucleus of eight healthy people. The area of the disc
was calculated using MR images of the subjects. X-ray images were also used to
check placing of the needle in the centre of nucleus (Figure 2.8). Their measured
values showed that the IDP in sitting is more than standing. The IDP in the supine
posture was not measured in this study. However, the prone posture IDP results
were much lower than both standing and sitting IDP results, mentioned in table 2.1.
Their results indicated no significant difference between the vertical and horizontal
pressure in healthy discs. This hydrostatic behaviour is the results of the high
water content in the nucleus (Sato et al. 1999)
The invasive nature of these measurements (Claus et al. 2008, Dreischarf et al.
2015) has limited these to small sample population in all of these studies. Dreis-
charf et al. (2010) relate the contradiction in the measurements to the difference in
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Figure 2.8: The radiography used in Sato et al. (1999) to place the tip of the needle in the
centre of the nucleus.
Table 2.1: In vivo IDP and load measurement studies. * Sato measurements were differen-
tiated into vertical and horizontals they are shown in the table respectively. **Nachemson
measured pressure and measured load from “10N=1kPa”. These values are the corrected
versions which are 40% less than a measured value.
Load (N) IDP (MPa)
Author Standing Sitting Supine Standing Sitting Supine
Nachemson & Elfstrom
(1970);Nachemson (1981)
500 700 250 0.5 0.7 0.25
Sato et al. (1999) 800 900 - 0.539* , 0.531* 0.623* , 0.626* -
Wilke et al. (1999) - - - 0.5 0.46 0.1
the arm position, and therefore curvature of the spine, while measuring the IDP.
In their study, they measured the loads on the spine in sitting and standing with
two different arm positions by the spinal implants embedded after surgery in five
patient (more information about these implants in section 2.3.4). Their results
show a great difference between the individual with respect to sit to stand ratio
(sit/stand). Nevertheless, these limitations and contradiction show that more work
is required.
2.3.3 Stadiometry
Stadiometry is the study of height changes. The loads on the spine will cause the
disc height loss (Kourtis et al. 2004, McGill & Axler 1996). Even during the day, the
2.3. EXPERIMENTS ON THE EFFECTS OF POSTURE ON THE INTERVERTEBRAL DISCS29
spine height loss is observed according to the activities that the individual goes
through (De Puky 1935, Corlett et al. 1987). Brinckmann & Grootenboer (1991)
showed a decrease in height and and increase disc bulging when a cadaver disc
was under pressure; the higher the load, the higher the height loss (shrinkage).
In 1992, Althoff et al. (1992) used the stadiometry approach to investigate the
differences of spinal loadings in different postures. The original height of each
subject was measured using a similar apparatus to the designed apparatus by
Eklund & Corlett (1984) (Figure 2.9). After that, the subject was given a task. By
the end of the task, the height of the spine was measured again and was compared
to the initial height. To assess the reliability and the correlation factors for this
method, an initial experiment was designed. In the initial experiment, the natural
standing height of the subjects was measured before and after carrying different
weights. The results of this test showed a proportionality between spinal load
and stature change. Afterwards, many postures and activities were investigated
including erect sitting. The result showed an increase in the spinal height after
sitting by 1 mm. They concluded that the associated loads on the spine in sitting
should be less than standing.
Few years later, Leivseth & Drerup (1997) compared the postural spinal shrink-
age while standing and sitting in a working environment. They used a modified
apparatus, with the ability to distinguish between the thoracic and lumbar spine
height shrinkage using two different landmarks instead of one. The spinal height of
the subjects were measured before a working day as the height reference. During
the day, every 20 minutes the spinal height was measured for each subject. The
mean results showed a faster shrinkage of the lumbar spine in the standing group
( 0.71 mmh−1 versus 1.47 mmh−1). Similar to Althoff et al. (1992), they concluded
that the loading is higher in working standing than sitting.
In a similar study, van Deursen et al. (2005) measured the spinal shrinkage for
one hour of different activities. They measured the spinal height of 10 subjects
Figure 2.9: The apparatus used to measure the spinal shrinkage in Eklund & Corlett
(1984).
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firstly after 8 hours of sleep. Similar to the previous studies, they found that the
mean shrinkage of the spine to be more in standing (7.4 mm) compared to sitting
(5.0 mm). For lying down they measured a rise (0.4 mm) in the spinal height. The
also claimed that their results showed a good correlation with Wilke et al. (1999)
findings.
Stadiometry experiments offer a non-invasive, indirect method to compare
spinal loadings in different postures. However, there are some complications in the
analysis. The curvature in the spine is different for each posture; the same spine
appears to be taller in sitting compared to standing. Also, larger lordosis means
that the spine is undergoing bending and not necessarily more compression.
Despite these limitations, the comparison always indicates more spinal loading in
standing compared to sitting.
2.3.4 Measurements of disc mechanics using implants after
spinal fusion surgery
In a very different style of experiment, Rohlmann et al. (1995) and Rohlmann et al.
(1996) used implant sensors, designed by Bergmann et al. (1988), to measure
the forces and moments in a patient’s fractured vertebrae. These implants were a
modification of the fusion implants that patients were going to have in the first place
(figure 2.10). Three different groups of patients were used: old fractured vertebrae,
new fractured vertebrae, and degenerative instability (Rohlmann et al. 1995, 1999).
Rohlmann et al. (1999) results showed that the axial loads and moment before and
after surgery were always the lowest for lying down. These results also showed a
higher axial loads and bending moments in standing compared to sitting, except
for the fresh vertebrae fracture patients.
In 2008 a new implant device was designed to measure the loads on the
vertebral bodies after vertebral body replacement surgery (Rohlmann et al. 2008).
These implants provided the possibility of measuring the loads and moments
acting on the vertebral bodies, separately from the fixators. In this study, the
spinal loads associated with different activities were measured in three patients.
This time, there was an increase in the loads associated with standing compared
to sitting in one patient and the opposite for the other two. The results of the
experiment are shown in table 2.2.
It is unlikely that data could be obtained on healthy subjects, although could be
very helpful for understanding the treatment of patients. However, these results
were achieved using patients who went through surgery and were above 60 years
old. This would have affected the relative stiffness of some parts of the spine. Also,
the implants will have affected the stiffness and loading distribution after surgery.
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(a)
(b)
Figure 2.10: (a) Internal fixation devices used in Rohlmann et al. (1995). The top device
is the ordinary fixation used in spinal fusion surgery. The below, is the modified fixation
device to measure the loads and moments. (b) The telemtrized implants before (top) and
after (bottom) fusion and placing the implants (Rohlmann et al. 2008).
2.3.5 Summary
In this section, experimental approaches comparing the spinal loadings in different
postures were reviewed.
Non-invasive in-vivo experiment, that could measure the IDP (or the loads on
the discs) directly, do not exist. Regardless of the discussed limitations in each of
the methodologies it is important to recognise that the results of the experiments
do not match each other; some suggest standing applies more loading and some
suggest sitting. Thus, other studies, approaches and methods are necessary to
compare the spinal loadings in standing and sitting.
Table 2.2: The values measured from implant sensors after spinal fusion surgery
(Rohlmann et al. 2008). number of experiments were performed on each patients and the
median of the resultant force (N) of all the experiments performed individually.
Posture Spinal load (N)
Patient one Patient two Patient three
Sitting 431 353 217
Standing 448 296 148
Supine 59 72 -
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2.4 Models of Spinal Loading
2.4.1 Introduction
The limitations of direct measurements and the contradictions in the results have
motivated researchers to use biomechanical models to predict spinal loads. Here,
the cost and the invasiveness associated, are minimized compared to the direct
in-vivo experiments.
The loads on the spine are distributed between the passive and active (muscles)
parts of the structure. This distribution has to balance the moments produced
by the external forces in order to maintain the body equilibrium. By solving the
equilibrium equation, loads on the muscles, and alternatively the passive parts, of
the spine can be calculated. The problem with this approach is that the number of
unknowns is more than the known equilibrium equations in the trunk (Dreischarf
et al. 2015).
Different approaches have been introduced to overcome this redundancy and
calculate muscle forces. The first approach is to assume just one muscle instead
of all the muscles in the spine. This method is very popular and is still being used.
Nevertheless, many shortcomings arise from limiting the calculations to only one
muscle. Another approach is to use optimization functions to overcome the trunk
redundancy. Although this approach is the most common procedure to predict the
muscle forces, there is no real evidence showing that the central nerve system
would minimize any cost function to react to the external force (Dreischarf et al.
2015). At the end of this section, five different models with the same inputs are
compared by Rajaee et al. (2015). Their results are also compared to an in-vivo
experiment.
2.4.2 Single-equivalent muscle
One of the approaches to predict the forces in the muscle is to assume a single
equivalent muscle (erector spinae) instead of all the individual muscle in the
spine. In this manner, the number of unknowns are reduced to only one and
the available equations are enough to calculate the forces in the erector spinae.
Chaffin (1969), firstly, used this approach to calculate the spinal muscle forces.
This model is inspired by a model which was used to calculate the forces within
the arm (Plagenhoef 1966). Based on Chaffin (1969)’s calculation, and later
developments, University of Michigan have developed a 3D software, named 3D
SSPP (University of Michigan Center for Ergonomics, Michigan, United states)
(L5S1). In this software, the human body is simulated and different tasks, with or
without loads, can be applied to the simulated human. The L4-L5 and L5-S1 IDP
are calculated in the simulated body postures. This model is discussed more in
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section 2.4.4.
Single equivalent models are a pragmatic and straight forward way of calculat-
ing the forces in the spine. However, the main limitation is the inability to analyse
the contribution of the muscle groups. Also, this model fails to account for the
pre-existing forces within the muscles. It also fails to account for spinal curvature.
These limitations have effects on calculating the IDP (Rajaee et al. 2015).
2.4.3 Optimised models
As discussed earlier, the main limitation of the single-equivalent muscle is failing
to estimate the forces in different muscles. In a completely different approach,
models of optimisation were introduced to overcome the trunk redundancy. These
methods involved maximizing or minimizing a cost function. Cost functions are
linear or non-linear functions, introduced for each sub-part of the system. In the
optimisation-driven approach, it is assumed that these functions are minimized (or
maximised) by the central nervous system to maintain the equilibrium (Dreischarf
et al. 2014). Moreover, constraint equations are also introduced to make sure that
the muscle length and strength stay in the allowable criteria.
Unlike single equivalent muscle models, the optimization-driven models cal-
culate different muscle forces when applying equilibrium to the model. However,
There is no real evidence showing that the body would choose to minimize a
cost-function to react to an external force. Still, optimization models are the most
common procedures to predict the muscle forces in the spine Dreischarf et al.
(2015).
2.4.4 Comparison of the muscle based models
In a recent study, Rajaee et al. (2015) compared the estimated compressive and
shear force results on the L4L5 and L5S1 (if available) in various tasks by using
six different muscle based models. The models included two software models (3D
SSPP (University of Michigan Center for Ergonomics, Michigan, United states)
and AnyBody (AnyBody Technology, Aalborg, Denmark)) , hand calculation model
(Merryweather et al. 2009), link segment model (Potvin 1997), simple polynomial
(McGill et al. 1996) and a regression based model (Arjmand et al. 2011, 2012).
Rajaee et al. (2015) also used the previously measured in-vivo data to compare
them with the models results. The different approaches and the summaries of
each, are given in table 2.3.
The overall results showed a significant difference between the calculated loads
for both compression and shear. The authors suggested that single-equivalent
muscle models (Hand calculation model (Merryweather et al. 2009), Link segment
model (Potvin 1997) and 3DSSPP in the L5S1 level) should be used very cautiously,
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Table 2.3: A review of some modelling approaches to predict L4L5 and L5S1 compression
and shear forces in standing by Rajaee et al. (2015). C stands compression S for shear
loads (Rajaee et al. 2015).
Model L4L5 (N) L5S1 (N) Brief summary
C S C S
3D SSSP (University of
Michigan)
344 138 324 220 A software using single mus-
cle approach and optimised ap-
proaches to calculate L5S1 and
L4L5 respectively.
Hand calculation model
(Merryweather et al.
2009)
949 Simple linear equation to calcu-
late the L5S1 compression force.
Link segment model
(Potvin 1997)
434 Linear equations for each link be-
tween the segments of the body
Simple polynomial
(McGill et al. 1996)
1064 Third order polynomial devel-
oped based on fitting procedure
based on EMG measurement
for estimating the L4L5 compres-
sion.
Anybody modeling (Any-
Body Technology)
465 39 528 59 A very detailed 3D software us-
ing optimised approach to pre-
dict all of the muscle forces in
the spine.
Regression model (Arj-
mand et al. 2011, 2012)
396 13 420 139 Simple quadratic regression
equation to predict L4L5 and
L5S1 forces.
since these models do not take into account the abdominal muscles and the
passive properties of the spine. The model developed based on the EMG data
(McGill et al. 1996), failed to predict the spinal muscle forces and was the “least
reliable” in comparison with the other models (Rajaee et al. 2015). The detailed
Anybody model (AnyBody Technology, Aalborg, Denmark) and the regression
based model predicted similar results compared to the experiment.
The Anybody and the regression models (Arjmand et al. 2011, 2012), however,
did not include the stress distribution in the spine or local pressure in the disc.
2.5 Summary
The spine has a very complex structure. It is made from the mixture of hard and
soft tissues.
Many experiments have been designed to compare the spinal loadings or IDP
in different postures and activities. Some of these experiments measure the IDP by
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inserting a needle into the disc, some compare the spinal shrinkage as a measure
of spinal loading and some measure the loads on the vertebral bodies by implants.
These experiments are compared in section 2.3.5. The results of these experiment
do not agree with each other. Also, overall, these experiments are either invasive,
indirect or involved patients rather than healthy subjects. Moreover, no information
regarding the pressure distribution in the disc has been obtained.
Non-invasive direct measurement of the IDP or spinal loadings is generally
impossible. Therefore, to understand the spinal loading in different postures,
different models were designed. A selection of these models were compared by
Rajaee et al. (2015) (section 2.4.4). Although non-invasive, these models were all
associated with certain limitations. Moreover, not unlike experiments, they were
unable to give any information regarding the load or pressure distribution within
the spine and the disc.
The reviewed experiments and models provide invaluable knowledge regarding
the relationship between the acquired postures and the spinal loadings. Still, the
question “in which one of the daily posture, standing and sitting, spinal loading
is more?” is not answered Claus et al. (2008). I propose the incorporation of
MR imaging and finite element modelling as an approach to compare the spinal
loadings in standing and sitting. In the next chapter, the engineering basics to
understand this thesis are introduced.
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Chapter 3
Finite element analysis
3.1 Overview
Finite element (FE) models offer a method to predict the value and the distribution
of different outputs (displacement, load, pressure) with respect to given inputs. It
is also possible to model the transient response of different materials in the FE.
I chose FE modelling approach to compare the IDP and pressure distribution
in standing and sitting. These can be compared in standing and sitting for each
individual by creating models based on the acquired data. The principle of the
FE method is based on discretising the given problem into simpler ones. These
simpler problems can be solved more easily.
This chapter introduces the basic engineering knowledge to understand the
terms in the FE analysis in this thesis. Also, a review of the spine FE models is
included.
3.2 Theory
3.2.1 Introduction
In this section, engineering and physical equations regarding the response of a
body to an external load are reviewed. Firstly, some engineering terms are defined.
These terms are later used in the FE modelling. In a very brief summary of the
procedure to build a finite element (FE) model using commercial software is given.
3.2.2 Stress, strain and the Hooke’s law
As a result of an applied load, stresses are created in a body. Stresses are defined
as the intensity of the forces applied to a given surface area Beer et al. (2005). If a
force (F ) is applied to a surface area (A), it creates normal stresses (σ) and shear
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Figure 3.1: The stresses in the Cartesian coordinates. We can change X,Y and Z to 1, 2
and 3. The stress relations would be still applicable in the new coordinate system.
stresses (τ );
σ = lim
∆A→0
∆Fn
∆A
(3.1)
τ = lim
∆A→0
∆Ft
∆A
(3.2)
where Fn and Ft are the forces normal and tangential to the surface area,
respectively.
For an applied force F in the 3D Cartesian coordinate system, we can define
the stress tensor σ as:
σ =
σx τxy τxzτyx σy τyz
τzx τzy σz
 (3.3)
Figure 3.1 shows the stresses acting on each plane in a 3D environment. We
should note that τij = τji where i and j are x, y, z; that means the σ is symmetric.
We can change the subscripts x,y and z to 1,2 and 3 respectively and still the
relations are valid. This is to include every coordinate system. Therefore the stress
tensor σ can be written as:
σij =

σ11
σ22
σ33
τ12
τ13
τ23

(3.4)
To express the stress as one value instead of a matrix, the von-Mises stress is
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defined in equation 3.5. Often, von-Mises stress is used to investigate if a material
would fail under an external loads. :
σv =
√
(σ11 − σ22)2 + (σ11 − σ33)2 + (σ22 − σ33)2 + 6(τ 212 + τ 223 + τ 231)
2
(3.5)
A body will deform as a result of an external applied force. We define the
normal strain (ε) to calculate the deformation per unit length:
ε =
u
L
(3.6)
where u is the deformation (or change in length) and L is the initial length.
However, since the surface area can be non-uniform across the body, we define
the strain of a body in 3D as:
ε1 = lim
∆x→0
∆u
∆x
=
∂u1
∂x1
(3.7)
which means the normal strain of a body in direction 1, ε1, is defined as the
deformation of the body, u1 with respect to the initial length of the body, x1, in that
direction. The shear strain in the same plane as ε1 can be defined as:
γ12 =
∂u2
∂x1
+
∂u1
∂x2
. (3.8)
γ12 is the shear strain in a body being deformed in shear by an amount u2 in the x2
direction on a plane normal to x1. We also have γij = γji for the shear strain; so
we can write the strain tensor the same way as the stress tensor as:
εij =

ε11
ε22
ε33
γ12
γ13
γ23

. (3.9)
The response stresses and strains in a body are related to each other. Linear
elasticity theory defines this relation as:
σ = E (3.10)
E is the “Young’s modulus” or the “elastic modulus” of the material. Another term
is defined to characterise the elastic material’s behaviour; Poisson’s ratio, ν, is
defined as the rate of material strain in one direction with respect to its strain in
the other.
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ν = − lateral strain
axial strain
(3.11)
The shear modulus, G ,of the material is also defined as:
G =
E
2(1 + ν)
(3.12)
The shear modulus is the coefficient of elasticity for shear forces.
The relationship between the stress and strain in a material is defined by
Hooke’s law. In 3D, the Hooke’s law can be expressed as:
σij = Dijklεkl (3.13)
εij = Cijklσkl (3.14)
where Dijkl is the elastic stiffness tensor and the Cijkl is the elastic compliance
tensor. D matrix is written as:

σ11
σ22
σ33
σ12
σ13
σ23

=

D1111 D1122 D1133 D1112 D1113 D1123
D2222 D2233 D2212 D2213 D2223
D3333 D3312 D3313 D3323
D1212 D1213 D1223
sym D1313 D1323
D2323


ε11
ε22
ε33
γ12
γ13
γ23

(3.15)
If the material behaves the same in every plane (i.e. the properties do not
depend on the direction), then that material is said to be isotropic. This means that
only one Young’s modulus and Poisson ratio are needed to describe the material’s
elastic behaviour. The compliance matrix for this kind of material can be written
as:
Cisotropic =

1
E
−ν
E
−ν
E
0 0 0
1
E
−ν
E
0 0 0
1
E
0 0 0
1
G
0 0
sym 1
G
0
1
G

(3.16)
However, in general, materials are not isotropic (i.e. each of the D tensor
variables have their own unique values). In many cases, materials act in a sym-
metric way about the three coordinate planes. This reduces the number of the
variables needed to explain the material behaviour. These materials are called
the “orthotropic” materials. In these materials D1112 = D1113 = D1123 = D2212 =
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D2213 = D2223 = D3312 = D3313 = D3323 = D1213 = D1223 = D2323 = 0. Moreover,
the compliance matrix can be reduced to:
Corthotropic =

1
E 1
−ν12
E2
−ν13
E3
0 0 0
1
E2
−ν23
E3
0 0 0
1
E3
0 0 0
1
G12
0 0
sym 1
G13
0
1
G23

(3.17)
This tensor is symmetrical because of below relations:
ν12
E2
=
ν21
E1
ν23
E3
=
ν32
E2
(3.18)
ν31
E1
=
ν13
E3
In fully anisotropic materials the elastic stiffness has be described with all the
21 unique terms.
3.2.3 Plane stress and plane strain
To study a model in 2D, either stress or the strain in the third direction are disre-
garded. If we decide to use a 2D plane stress model, then the third row and column
of the stress tensor in equation 3.4 and the out of plane shear strain variables
will be zero (σz = τzx = τzy = 0; γzx = γzy = 0). Plane stress concept is used to
describe thin plate behaviours for simplifying the analysis.
σplane stress =
σx τxy 0τyx σy 0
0 0 0
 = [σx τxy
τyx σy
]
(3.19)
On the other hand, plane strain analysis considers the out of plane normal and
shear strains and the out of plane shear stresses would be zero (εz = γzx = γzy = 0;
τzx = τzy = 0). This analysis is used when dealing with geometries similar to long
cylinders.
εplane strain =
 εx γxy 0γyx εy 0
0 0 0
 = [ εx γxy
γyx εy
]
(3.20)
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Figure 3.2: The water diffusion through the semi-permeable filter, caused by the unbal-
anced distribution of Ion charges, creates the osmotic pressure (Π). In the discs, this
happens predominantly because of the negative charges in the proteoglycans.
3.2.4 Osmotic pressure (swelling pressure)
Figure 3.2 shows two solutes with chemical potential inequality, separated by a
semi-permeable membrane; the inequality of the ions concentration makes the
water, as the solvent, to be diffused from one to the other. The pressure caused
by this phenomena is called the “osmotic pressure”. Although, in figure 3.2, the
hydrostatic pressure is the same, because of the osmotic pressure, the height
difference appears in the tube. In other words, the total pressure is the combination
of hydrostatic pressure and osmotic pressure.
In the intervertebral discs, proteoglycans, carry negative charge; this creates
an unbalanced charge distribution which creates osmotic pressure (Ehrlich et al.
1999). Consequently, the water is diffused into the disc. This pressure resists the
water to be drained out of the disc in the presence of mechanical pressure. With
degeneration and loss of proteoglycans, the osmotic pressure is lost and the disc
cannot maintain hydration under load (Raj 2008). The osmotic pressure in the disc
is often referred to as “swelling pressure”.
3.2.5 Biphasic theory
In section 3.2.2, the equations of elasticity and the relations between any applied
force and the response of the purely elastic material was reviewed. The spinal
tissues’ response to an external force, however, are time dependant and depend
on the rate of the applied loading; if the load is being applied fast (i.e. dF/dt not
small) and the energy is being stored, then the behaviour of the material can be
considered as solid. In contrast, in the slow loading (i.e. dF/dt is large), and the
energy is being dissipated, the material behaves more like a fluid. In summary,
spinal tissues’ responses to any external load are transient (time-dependant). This
behaviour is the result of the presence of water in the spinal tissues.
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Many different approaches have been introduced to model such behaviour. The
“biphasic theory”, explains such behaviour by attributing the stress in the material
to not only the stresses in the solid matrix but also to the motion of the fluid, flowing
through the material, with respect to the solid phase (ABAQUS Documentation
2015).
σ¯ = σ∗ − p (3.21)
where σ¯ is the applied stress, σ∗ is the effective stress on the solid matrix and p
is the pressure on the liquid, namely the pore pressure. It has to be noted that the
positive pressure is in a different direction compared to positive stress; hence the
pore pressure is subtracted from the effective stress. In this manner, the response
of the material depends not only on the the solid phase (effective stress) but on the
fluid pressure as well. Assuming the fluid is simple, the value of the pore pressure
can be determined using Darcy’s law (Whitaker 1986):
q =
K
µ
(∇p) (3.22)
where q is the fluid flux or the volumetric flow rate (m3/s), K is the permeability
(m2), µ is the viscosity of the fluid (Pa.s) and ∇p is the pressure gradient (Pa/m).
Permeability can be defined as the desire of a material to allow the fluid to flow
within its solid matrix. In this thesis, the permeability k is defined in the same unit as
velocity (m/s). This k is called the “hydraulic conductivity” in some other references.
The relation between these two can be written as (ABAQUS Documentation 2015):
K =
ν
ρg
k (3.23)
where ν is the kinematic viscosity, g is the gravitational acceleration and ρ the
density. On the other hand q is dependant on the velocity of the fluid:
v =
q
φ
(3.24)
where v is the velocity of the fluid and φ is the porosity of the material
φ =
Vliquid
Vtotal
(3.25)
Porosity is defined as the volume of the liquid in the matrix with respect to the
whole volume. The void ratio (e) is also used which defines the ratio of the liquid
volume to the solid volume
e =
Vliquid
Vsolid
(3.26)
These two terms are related to each other by:
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e =
φ
1− φ (3.27)
3.2.6 Implementation of finite element method
The study of the stress and pressure distribution in the spine is a huge challenge.
This is because of the complexity of the anatomy, the anisotropic material proper-
ties and the transient behaviour of the spine. Many different models have been
created in order to estimate the stresses and pressure in the spine. Some of these
models were reviewed in sections 2.4.
FE modelling offers a numerical method for dealing with engineering problems.
In this approach the complicated problem is divided into weaker forms of the
equations. Instead of achieving the exact solution, these weaker forms of problems
are solved. The results are calculated by iterations in each increment, and using
the achieved solution to find the next increment’s answer. The theory adopted in
the Abaqus/Standard (Dassault Systmes, Providence, RI, USA), the FE software
used in this thesis, is based on the virtual work principle. The general equation is:∫
V
δε σ dV =
∫
S
δu.t dS +
∫
V
δu.fbdV (3.28)
Where δε is the strains, σ the stress, V the volume of the body, δu the velocity,
S the surface which the force is being exerted on, t the external surface forces
and fb the body forces. The equation 3.28 can be interpreted as “ the rate of work
done by the external forces subjected to any virtual velocity field is equal to the
rate of work done by the equilibrating stresses on the rate of deformation of the
same virtual velocity field ” (ABAQUS Documentation 2015).
The Applications of the FE models can be seen in many areas (e.g. structural
analysis, heat transfer, vibration etc.). This approach is also used to study the
biological tissues. The steps undertaken to create an FE model in a software are
briefly introduced.
Firstly, the geometry of the model is created. This given geometry is discretised,
manually or automatically, by assigning points on the body. These points are called
the “nodes”. The nodes are then connected to each other correspondently to
create the “elements”. This discretising process is called the meshing of the body.
The mesh size (the size of the created elements) should be large enough to reduce
unnecessary calculations and small enough to keep the iteration errors within the
defined tolerance. Depending on the input geometry and the requirements of the
analysis, different shapes of the element are used (figure 3.3).
Next, The material properties of the model are assigned. This step can be very
challenging in the biological models since the properties differ inter-subject and, in
some cases, can still be unknown. After the assembly of the model and applying
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(a)
(b)
Figure 3.3: (a) Different 2D and (b) Different 3D elements (Logan 2002). Linear elements
are the elements in which only two nodes are on the each edge of the elements. If an
extra node is added on the edge, it would be a quadratic element.
the appropriate constraint, the boundary conditions are applied to simulate the
desired conditions.
The verification of the result is performed by a mesh convergence test. In
this test the desired results for different mesh densities are calculated. Then, the
convergence of the results based on the decrease in the mesh size is checked
(Jones & Wilcox 2008). In validation step, the results can also be compared with
in-vivo and in-vitro experimental results.
Many different study groups have created different lumbar spine FE models,
for various purposes. They used different techniques and different approaches to
model and study the lumbar spine. Some of the models and their techniques are
reviewed in section 3.3.
3.3 Spine finite element models
3.3.1 Introduction
In this section, some selected (based on the method used and not the results)
previous work is reviewed to show the development and different acquired tech-
niques of the lumbar spine modelling. Firstly, the early development of the lumbar
spine and the procedures to model the spinal tissues (annulus for example) is
reviewed in section 3.3.2. Then, in section 3.3.3, the development of the follower
load technique is presented. By implementing this modelling technique, the lumbar
spine model can retain typical daily loads without failing. The inclusion of biphasic
theory in the lumbar spine models is reviewed in section 3.3.4. The poroelastic
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models provide a way of modelling the transient response of the lumbar spine. In
the end, the postural models are reviewed in section 3.3.5.
3.3.2 The development of early FE models
In the early 1970’s Belytschko et al. (Belytschko et al. 1973) used a computational
technique to study forces in the human spine. He developed a three dimensional
model of the human vertebral column. Firstly, the spine was divided into rigid
bodies (vertebrae), deformable elements incorporated as beam elements (discs)
and axial or spring elements (ligaments). The deformation of the spine was
considered to be the displacement of all the rigid bodies. The deformable elements’
displacement was dependant on the rigid body translation and rotation. The
stiffness matrix for each element was computed, and by combining all of them,
the stiffness matrix of the whole model was calculated. After that, the local and
global internal forces were calculated by invoking the equilibrium equation for the
internal and external forces. However, the computed resultant internal forces and
the external forces are not always the same; therefore, a tolerance range was
defined for the model. If the error was more than the tolerance, the stiffness matrix
was calculated again to meet the condition. This was the first time that the finite
element (FE) modelling was used to calculate the loads and the displacements
associated with the spine in different conditions.
In the Belytschko et al. (1973) study, material anisotropy was not considered.
As a result of this simplification, axial compression results gave 50 % error in
nucleus pressure, compared to in-vivo experiment results. Hence, another model
(Kulak et al. 1976) was created to resolve these issues. They developed a new
stress-strain law based on the experiments performed on the annulus. A new
relation was derived to take into account the annulus fibres’ input in tension and
compression of the disc. Also, in order to justify neglecting of the time-dependant
response of the disc, moderate loading were applied to reproduce the experimental
conditions and results.
A few years later, Shirazi-Adl et al. (1986) used the FE approach to study
an L2L3 motion segment under different sets of loadings. This study introduced
a procedure in which the fibres of the annulus play a specific role in the disc
response to an external load. The geometry of the model was based on in-vitro
measurements and was reproduced by the FE mesh. The material properties of
each part were assigned to the mesh either as a measured stress-strain relation
(ligaments and annulus fibres) or as a constant value (bones and annulus ground
substance). The nucleus was considered as an incompressible fluid in this model.
For the fibres of the annulus, criss-cross elements were embedded between
the annulus grid bands as shown in figure 3.4. The configuration of the motion
segment was iterated continuously while the moments were applied incrementally
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Figure 3.4: The collagen fibres were embedded in the annulus ground substance as
criss-cross elements.
to the upper vertebra.The model results included the predicted intradiscal pressure
(IDP). Good agreement of these predicted results were found when compared to
available in-vitro experimental results.
The effects of using different approaches to include the fibres in the annulus
models were investigated by Shirazi-adl (Shirazi-Adl 1989) using two axi-symmetric
models. The first approach, as in the previous study (Shirazi-Adl et al. 1986),
involved embedding the fibres in the ground matrix of the annulus. In other words,
both fibres and the matrix have elements to represent them in the model. This
would create a “non-homogenous composite” annulus. The second approach was
to calculate a new set of material properties which included both the fibres and
the matrix. That means, the annulus is presented as a “homogenous composite”
with orthotropic properties. It has to be noted that for both models, for every layer
of annulus fibres, different material properties were assigned. The results of the
models under the same axial compression were examined. The displacement
in both models were nearly identical. However, the stresses in the models dif-
fered significantly, in all directions. The author suggested that this is due to not
considering the fibres as a separate materials in the orthotropic model.
The use of medical images provided a new path towards the biological finite
element modelling. Breau et al. (1991) acquired computer tomography (CT) scans
of a cadaver lumbar spine to create a subject specific finite element mesh figure
3.5. They firstly, segmented the images using an interactive manual threshold.
Then the 3D tetrahedral mesh was created automatically. CT scan images do not
visualise intervertebral discs. Therefore, they connected the bounding endplates
by splines to create the discs. Vertebral bodies and posterior elements in each
level were modelled as separate rigid bodies. These two rigid bodies were then
connected by deformable beam elements in each level. This would model the
posterior elements’ deformity as well. Moreover, ligaments were modelled as
uniaxial elements. For annulus a ground matrix with reinforced fibre membrane
was applied to the geometry and the nucleus was modelled as an incompressible
fluid. This model was later used in a study to calculate the IDP (as well as other
parameters) in different conditions (Shirazi-Adl 1994).
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Figure 3.5: The model created by Breau and Shirazi-adl (Breau et al. 1991).
In another attempt to develop a technique to replicate experimental data,
Dreischarf et al. (2013) investigated the use of correction factors when calculating
the loads on the spine with regards to the IDP. The correction factors were first
introduced by Nachemson (1976) to measure the compressive forces based on
the measured IDP. A unique correction factor was calculated for each individual
based on the geometry of the disc. However, the mean correction factor was used
in the experiment instead of the individual correction factor. Dreischarf et al. (2013)
developed a procedure using FE models to calculate the individual correction
factor. Firstly, a previously created FE model of the lumbar spine was analysed
under 500 N pure compression force (FComp). the individual correction factor (CInd)
was determined by using the calculated intradiscal pressure (PIntr) and the cross
sectional area (A);
CInd =
FComp
PIntr × A (3.29)
The use of this factor makes the model individualised specifically to the subject.
The CInd was found to be 0.77 for that particular subject (model). In the literature
the correction factor (CLit) was 0.66 ± 0.11 (mean ± standard deviation). After
that, in the model, the compressive forces (FCompDirect) acting on the L4L5 disc
were calculated in different body postures, by applying a combination of moments
and compression forces to replicate different body postures. On the other hand,
the L4L5 IDP was also calculated in the model, simultaneously. Alternatively, the
compressive force were estimated based on the IDP results as well (FCompIDP =
PIntr × A× CInd). By comparing the FCompIDP and FCompDirect, they found a good
agreement in all of the body postures except extension. However, without the use
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Figure 3.6: (A) the cable was designed to act as a follower load. The (B) sagittal and (C)
coronal views of the experiment are shown (Patwardhan et al. 1999).
of correction factor, the FCompIDP and FCompDirect results would have not been the
same and that is a very important point in this study.
3.3.3 Follower load models
In the past experiments and models, loads were applied vertically to the lumbar
spine. Some in-vitro experiments have shown that the lumbar spine buckles under
80 N - 100 N applied force (Crisco et al. 1992). However, the lumbar spine can
be subjected to far larger loads. Patwardhan et al. (1999) hypothesized that the
resultant compressive load must be tangential to the curve of the lumbar spine,
passing through the centre of the vertebrae, endplates and discs. They called this
the “follower load”. In order to study the assumption, follower load was applied
to five human cadaver lumbar spines (L1-S1) as shown in figure 3.6. The results
showed that the addition of a cable, acting as a follower load, increased the
capacity of the lumbar spine to carry loads up to 1200 N . This finding could explain
the differences between the in-vitro experiment results (under vertical loads) and
in-vivo results for the load bearing capacity of the lumbar spine.
Later, this loading approach was analysed in the FE models (Shirazi-Adl &
Parnianpour 2000). In this study they created a system where the compression
force was applied to the lumbar spine model as if a cable is passing through
the vertebral endplates. They defined a uniaxial element called the “wrapping
element”. Firstly, the “insertion points” were chosen on the edges (namely target
edges) of the chosen bodies. This wrapping element came into contact with (or
wrapped around) the target edges between the insertion points (figure 3.7a). In
other words, the insertion points and target edges define the sub-elements of the
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(a) (b)
Figure 3.7: (a) AB shows a wrapping element with AC1, C1C2 and C2B sub elements.
C1and C2 are the insertion points. These points are selected on the target edges E1 and
E2. (b) the assembly of the sub-elements to create the wrapping element (Shirazi-Adl
& Parnianpour 2000). The compression is applied through this element in the model,
creating a similar system as the in-vitro follower load experiments.
wrapping elements. The compression was applied through a wrapping element
by inserting the upper end of the element into a vertebral centre and the lower
end on a mobile support. This support could move freely to move in a direction in
which the tensile load (as a result of the compression) was applied to the wrapping
element (Figure 3.7b). The IDP was predicted in each level of the lumbar spine
and a good agreement was found compared to the previous in-vivo measurements.
Later in a study by Rohlmann et al. (Rohlmann et al. 2009) this approach was
compared with other methods of finite element modelling to simulate standing. In
their study, different combinations of 500 N loadings were applied to the lumbar
spine to simulate standing. The only realistic results, in terms of displacement and
the load distribution, were from the follower load technique.
Since these early developments of the FE procedure, many FE models of the
spine have been created. Dreischarf et al. (2014) investigated the response of
eight different validated lumbar spine FE models under the same applied boundary
conditions and loadings (figure 3.8). The models’ predictions were compared
with respect to each other, in-vivo and in-vitro results. Two sets of loadings were
applied to each model; in the first set, pure moments and pure compression were
applied. In the second set, the combination of moments and compression forces
were applied to simulate the in-vivo movement that a normal subject may undergo.
These movements included flexion, extension, lateral bending and axial torsion.
In both sets, the follower load technique was used to apply the compression
forces. The spine’s range of motion and the facet joint forces were calculated
for the applied pure bending moment. The IDP results were exported from the
pure compression models. The majority of the result were in the range of in-vitro
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Figure 3.8: The meshed geometry of the eight models investigated in Drescharf et al.
(Dreischarf et al. 2014).
measurements. However, in some cases they differed massively from in-vitro. The
authors suggested that the median result of several models can be used as an
“improved prediction” in order to estimate the response of the lumbar spine.
3.3.4 Poroelastic FE models
One of the main limitations of the studies reviewed before is the lack of time-
dependant response of the lumbar spine. As described in section 3.2.5, spinal
tissues have time dependant behaviour.
Argoubi & Shirazi-Adl (1996) used the biphasic theory in their model to investi-
gate the creep response of a spinal motion segment. The creep response is the
term that is used to describe the deformation under a constant applied load or
stress. In the intervertebral discs, the outflow of the fluid from the annulus and
nucleus is thought to be the cause of the creep. In their model, they used the
previously created geometry of the L2L3 motion segment based on the in-vitro
measurements. Then, they assigned poroelastic material properties (that means
permeability (k) and porosity (φ) for the fluid movement) to the bones, nucleus,
annulus ground matrix (solid phase) and the endplates. The permeability was
calculated by equation 3.30:
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k = k0e
[M] (3.30)
Where k0 is the initial permeability,  is the strain (dilation in this study) and M is a
calibration constant. Therefore, depending on the strain, the permeability would
have been different in each analysis increment. For the solid phase, the drained
elastic modulus (E) and the Poisson’s ratio (ν) were used. These properties
differ from the previously used material properties in the linear elastic model. The
annulus fibres and ligament properties remained purely elastic in this study.
Poroelastic models have been used to investigate the response of the lumbar
spine during daily activities (Schmidt et al. 2010). In the model the lumbar spine
was compared to under a cyclic loading that simulated the daily activities. After the
pre-conditioning step, a 24 hour cycle was applied to the model. This consisted
of 16 hours of constant 350 N pure compression and 8 hours of no applied force,
simulating average day load period and resting period. Different cyclic and constant
loading conditions were considered in the daily loading stage. A pore pressure
of 0.25 MPa was applied to the disc and vertebrae boundaries to replicate the
pre-existing pressures on these parts. The maximum pore pressure was first seen
near the endplate regions and then shifted to the central nucleus over time.
3.3.5 Postural models
Recently, a new modelling approach for comparing the in-vivo IDP in different
postures was proposed. Wang et al. (2013) created three subject specific (based
on CT scans) 3D finite element models of the lumbar motion segments (L2L3 or
L4L5). These models, unlike most of the spine FE models, were based on the
applied kinematics (boundary conditions), instead of loads and moments. They
used a previously built robot, with 6 degrees of freedom, to apply a combination of
known forces and moments. The vertebrae position was recorded simultaneously.
In order to consider the transient behaviour of the disc, after each load increment,
the process was paused for 30 minutes. The calculated boundary condition for
each disc, was the displacement of the superior and inferior endplates of the disc.
Vertebrae and endplates were modelled as rigid bodies, annulus ground substance
as hyperelastic, nucleus as hydraulic fluid and eight annulus fibres as tension
only truss elements with alternate orientations. The results of the FE models
showed a good agreement with the in-vitro experiment results for the moments
and loads. The overall average difference between the measured load or moment
in the experiments and calculated by FE was 18%.
Later, Wang et al. (2014), acquired in-vivo data to investigate the displacement
based FE modeling technique. Firstly, they acquired the MR images of three
healthy subjects. These images were used to create the geometry of the 3D
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Figure 3.9: Different postures acquired by each subject in the Wang et al. (2014) experi-
ment.
models of L3-L5 motion segments. The material properties in this model were the
same as the previous in-vitro based model (Wang et al. 2013). However, unlike the
in-vitro model, the experiment was not designed to consider the non-linear elastic
response of the disc. The measurement of the movement in the experiment took 3
seconds. Each subject went through a motion from 45◦ flexion to 20◦ extension
while holding weights perpendicular to the body (figure 3.9). The motion of the
lumbar spine was recorded and three points in the motion were chosen for the
analysis; 20◦ flexion, upright standing and 20◦ extension. Similar to the in-vitro
model, the boundary conditions were applied to the superior endplate while the
inferior plate was fixed at the initial position. The IDP, shear forces, compressive
forces and the moments showed similar trends, across the postures and subjects.
These values, however, varied between the individuals. The results of these
models showed that the IDP was highest in upright standing (while holding the
weights). Similarly, in general, the resultant forces and moments were at the
highest at the upright standing.
3.4 Summary
In section 3.2, the engineering fundamentals necessary to understand his thesis
was given. Then, selected FE models in the literature, and their techniques to
model lumbar spine, were reviewed in section 3.3. These studies, offer invaluable
information regarding the spinal loads in different sets of loadings and conditions.
FE models provide a non-invasive way of not only measuring the spinal loads, but
to investigate the pressure distribution as well. Moreover, it is possible to include
the transient behaviour of the spinal tissues in the FE models by incorporating the
biphasic theory section 3.3.4. additionally, unlike the reviewed models in section
2.4, the IDP can be calculated directly, based on the disc’s deformation.
Nevertheless, the majority of the models reviewed in section 3.3 do not consider
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the inter-subject geometry variations. The spinal shape varies between individuals
(Meakin et al. 2008, Roussouly et al. 2006). This has an effect on the IDP, or any
other, results (Espino et al. 2003). This is while those FE models have generalised
the use of their geometry.
Most of the reviewed FE models investigated the kinematic response of the disc
by applying forces and moment (Dreischarf et al. 2014). In a different approach,
Wang et al. (2013) applied kinematics and calculate the pressure and loads in the
disc. Wang et al. (2014), also subject specific models of individuals were created
in flexion, extension and upright standing while holding weights. However, they did
not consider the time-dependant behaviour of the spine nor standing and sitting.
There is therefore a need for a subject specific mode to study sitting and
standing IDP in different individuals. The aim of this project is to incorporate
MR imaging and subject specific FE models to compare the IDP value and the
pressure distribution in standing and sitting.
To achieve this aim, firstly, the lumbar spine geometry of nine individuals were
created based on MR images. Then, the standing and sitting displacements were
calculated by comparing the MR images. initially 2D and then 3D models of the
lumbar spine were created. The IDP, pressure distribution and annulus bulging
results of the models were compared for standing and sitting.
Chapter 4
Preliminary 2D model
4.1 Overview
In chapter 2 and chapter 3 some of the experiments and models, measuring and
calculating the spinal loads in different postures were reviewed. These approaches
were subjected to various limitations and their result did not match each other.
Therefore, the aim of this project was defined as assessing the feasibility of creating
the postural subject specific FE models based on MR images.
As an initial step, 2D models of the lumbar spine were created because of
their pragmatic approach. 3D models are necessary for assessing the motion of
the vertebrae in all planes. They are required for accurate prediction of the disc
behaviour and the load sharing between the disc and the facet joints. However, a
2D model is more suitable as a preliminary step in developing this new approach,
where the spinal motion out of the sagittal plane is minimal.
Section 4.2 explains the method undertaken to determine the spinal displace-
ment and deformation in different postures. Previously developed MR images in
standing, sitting and supine postures were used to calculate the displacement and
rotation of the vertebrae in standing and sitting with respect to supine. Also, the
assigned landmark points in the supine posture were used to create the geometry
of the models for each subject.
Furthermore, the steps of creating the preliminary postural 2D models are
described in this chapter. For each subject, two material models were created;
pure elastic (section 4.3.1) and transient poroelastic (section 4.3.2) models. Each
of these material models were meshed and analysed accordingly. The IDP results
are presented in section 4.3.5.
The discussion of the associated limitations with these preliminary models are
included in section 4.4. With such limitations, there was a requirement for further
development of the model in the next chapter.
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4.2 Imaging and postural changes
4.2.1 Introduction
Subject specific models are based on the data acquired from the subject. In my 2D
models, the data is based on previously acquired sagittal T2-weighted MR images
(Meakin et al. 2009, Hirasawa et al. 2007). These images were acquired while
the subject was standing (figure 4.1a), lying supine (figure 4.1b) and sitting (figure
4.1c). A 0.6 T Upright positional MR scanner (Fonar Corporation, Melville, NY,
USA) was used to create the MR images. The image acquisition time was 3
minute and 16 seconds (196 seconds) and the median time between each scan was
15 minutes. Eleven slices were obtained, each with a thickness of 4.5 mm and a
gap of 0.5 mm. The data were reformatted onto a 256× 256 matrix with the field
of view (FOV) of 300 mm (the pixel size would be 1.17 mm). In this project only
one of these slices was used; the sagittal slice passing through the centre of the
lumbar spine.
Previously Meakin et al. (2009) assigned landmark points to the edges of each
vertebra. The points were selected systematically. If a vertebra is assumed to be
a rectangle, one point was selected for the centre of each edge. Then, the corners
of the rectangle were assigned with two points each. Finally, between each of the
centre and corner points, two points were added to complete the shape of the
vertebra. This resulted in 168 landmark points (28 points for each vertebra) for
each postural image of the subject (Figure 4.1d). Nine subjects were chosen from
all of their data, according to the quality of the images.
The 2D coordinates (x, y) of the landmark points were exported as a matrix,
representing each posture. Figure 4.2a and figure 4.2b show the sketches of
the points representing a subject in the supine and sitting posture. Each point is
connected to the next by a straight line. The coordinates were used to create the
geometry of the models described in section 4.3.1.2.
4.2.2 Determining the postural changes
The boundary conditions of the 2D model consisted of the two dimensional trans-
lation and rotation of the vertebral bodies. MATLAB (MATLAB R2015a, The
MathWorks Inc., Natick, MA, 2015) script was used to calculate the translation and
rotation matrices.
To calculate the translation, firstly, the average of the 28 point in each vertebra
was calculated in all of the postures. This average point is the “reference point” of
that vertebra in the certain posture. The reference points in standing and sitting
were subtracted from the corresponding reference point in the supine posture. The
resultant vector was the vertical and horizontal translation of the vertebra from the
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(a) (b) (c) (d)
Figure 4.1: Lumbar spine (a) standing, (b) supine and (c) sitting MR images of the same
individual. (d) 28 points were assigned to each vertebra for each MR image (Hirasawa
et al. (2007), Meakin et al. (2009).)
supine to the standing or sitting posture. Figure 4.2d shows the coordinates of the
supine posture after translation (black) compared to sitting posture. The vector
values were used in section 4.3.1.6 as the boundary condition of the models.
The rotation angle for each vertebra about its reference point was calculated by
finding the rotation matrix. Singular value decomposition (SVD) technique offers a
way to calculate the rotation matrix of a rigid body. In SVD, the rotation matrix is
calculated by comparing the coordinates of the points in two different positions.
This code is embedded in MATLAB. In this model, vertebrae points in each lumbar
level were compared between the two postures and the rotation angles were
extracted from the calculated rotation matrix. After that, these angles were applied
as the boundary conditions to the standing and sitting postures (figure 4.2e).
The result of the explained process was subjected to errors. The distance
between the target (standing or sitting) coordinate points and the corresponding
displaced (supine after translation and rotation) points were calculated for each
subject in each level; this is the mean distance between the points of the black
and red vertebra in figure 4.2e. This was referred to as the mapping error.
4.2.3 Results
Figure 4.3 shows the results determined for the translation and rotation of all the
subjects. The translation values were scaled to millimetres (×1.17 mm). These
results are compared to each other with respect to the fixed S1 vertebra. The
rotation results are compared with each other in degrees. As the results show,
standing and sitting boundary conditions differ between individuals and levels.
The average error for the boundary condition results in each level is illustrated
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(a) (b) (c)
(d) (e) (f)
Figure 4.2: The sketches for supine (a) and for sitting (b). (c) compares the coordinates
of both postures; blue for supine and red for sitting (d) shows the result of translating the
supine (blue). After rotation the coordinates are shown in (e). These vectors and angles
were applied to the model in ABAQUS as shown in (f).
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Figure 4.3: Boundary conditions calculated from MR images. These translation results
are calculated with respect to S1 vertebra.
60 CHAPTER 4. PRELIMINARY 2D MODEL
0
0.2
0.4
0.6
0.8
1
1.2
L1 L2 L3 L4 L5 S1
Tr
an
sl
at
io
n
 (
m
m
)
Vertebral level
Mean Calculated Mapping Error in Sitting
Subject 1 Subject 2 Subject 3 Subject 4 Subject 5
Subject 6 Subject 7 Subject 8 Subject 9
0
0.2
0.4
0.6
0.8
1
1.2
1.4
L1 L2 L3 L4 L5 S1
Tr
an
sl
at
io
n
 (
m
m
)
Vertebral level
Mean Calculated Mapping Error in Standing
Subject 1 Subject 2 Subject 3 Subject 4 Subject 5
Subject 6 Subject 7 Subject 8 Subject 9
Figure 4.4: The mean translation difference calculated in sitting and standing. The
majority are under 1 pixel.
in figure 4.4. These values show the mean difference between the result points
after applying translation and rotation to the supine model, and the target points,
standing and sitting, for each level. In other words, figure 4.4 shows the difference
between the red (sitting or standing) and the black (supine after translation and
rotation) spines in figure 4.2e for each level in each subject. Each colour in the
graph corresponds to a subject. The majority of the translational errors were less
than one pixel for each level.
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4.3 Preliminary model
4.3.1 Plane stress elastic model
4.3.1.1 Introduction
As the first model of this project, elastic models of the subjects were developed.
These models are not time-dependant and easier to create compared to time-
dependant models.
The landmark points results, section 4.2, were used as the basis of geometries
for the models. After assigning material properties and meshing, the boundary
conditions, calculated in section 4.2.2, were applied to the vertebrae.
4.3.1.2 Geometry
The subject specific vertebrae landmark points were selected based on the MR
images acquired previously Meakin et al. (2009), Hirasawa et al. (2007). The
procedure of assigning the vertebra landmark points is explained in section 4.2.
Geometries of the lumbar spine vertebrae in the supine posture were generated
by connecting these points. The supine geometry was used as the base geometry
for standing and sitting models.
On the other hand, the geometry of the disc cannot be created by using straight
lines. In the posterior and anterior parts of the spine, having curves was more
desirable than just a straight line between the two vertebrae. Hence, it was
decided to sketch the discs by four arcs representing the annulus and the nucleus
boundaries.
The initial method of selecting the nucleus and the annulus curves involved
placing points as shown in figure 4.5a. Then, these points were imported to
ABAQUS. The arc that best fitted was visually selected as the desired curve.
Lastly, the construction points were removed and the sketch of the lumbar spine in
supine posture was left (figure 4.5b). Four models were produced by this method.
The explained method was very time consuming. Therefore, a script was written
in MATLAB to ease the process. The new procedure involved firstly selecting the
construction points for one boundary (figure 4.6a). After that, a circle was fitted into
these points (figure 4.6b) using a function in MATLAB (Izhak Bucher , 2004). This
circle, defined by a radius and centre, the best curve or arc that passes through
the selected points.
There are two options to sketch an arc in ABAQUS: a “three point arc” and a
“two point arc with a centre (centre point arc)”. The three point arc is defined by
the arc’s start and end points with a guiding third point in between while centre
arc point involves the centre and the radius in addition to the two initial points.
In our model, the initial points were already defined by corner points vertebrae.
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(a) (b)
Figure 4.5: (a) Boundaries of the disc, annulus and nucleus are assigned manually by
the shown blue points. (b) The coordinates of these points are sketched in ABAQUS as
shown and the best visually fitted arc is sketched through these points for each boundary.
(a)
(b)
Figure 4.6: (a) The nucleus boundary was selected by blue points shown in MATLAB .
This selection is done manually. In (b) points are exported in another script and the best
fitted circle is sketched through the points. The coordinates of the closest point to the
circle is then exported as the third point of the arc.
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(a)
(b)
Figure 4.7: (a) The L4 and L5 vertebrae and the disc connecting them as a sketch.
Annulus and nucleus sketches include the straight lines previously sketched for vertebrae.
(b) Out of this sketch different parts (vertebrae, annulus, nucleus) are created.
However, a circle would be overdefined if the radius, centre and two points were
selected. As a result, three point arcs had to be used. For creating a three point
arc, only one more point was needed. For this matter, the closest point to the fitted
circle from the series of points, was selected as the third point for the arc. This
procedure was repeated for every annulus and nucleus boundary (figure 4.7).
The coordinates of the imported points, and therefore the geometry, were in
pixel units. The whole sketch of the lumbar spine was scaled to millimetres by
scaling option provided in ABAQUS (each pixel is 1.17 mm).
4.3.1.3 Material properties
The discs and vertebrae were modelled as isotropic, homogeneous elastic materi-
als. Table 4.1 shows the details of material properties applied to the preliminary
2D elastic model. All values were taken from Williams et al. (2007).The vertebral
bodies were treated as rigid bodies.
4.3.1.4 Mesh
The selected element type for the 2D elastic model was the 8 node plane stress
with reduced integration (the element name in ABAQUS is CPS8R). This repre-
sents a rectangle element (quadrilateral) with an extra node in the middle of each
edge (quadratic). The plane stress means that the out of plane stress is assumed
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Table 4.1: Material properties of the 2D elastic model Williams et al. (2007) It should be
noted that vertebrae were treated as rigid bodies. after applying boundary conditions. The
vertebrae are treated as rigid bodies in this model. (section 4.3.1.6)
Material Young’s modulus (E) Poisson’s ra-
tio (ν)
Annulus 2.5 MPa 0.16
Nucleus 1.5 MPa 0.24
Vertebra N/A N/A
to be zero (section 4.3.1 for more information). The reduced integration options
assumes a symmetry in the updated stiffness matrix of the material.
In ABAQUS, generating a mesh starts with dividing the edges of the geometry.
This operation is called seeding and the division size is referred to as seed size.
The seed size for the disc was 0.1 mm and for the vertebrae 0.3 mm. The number
of element varied between 80, 000 and 100, 000 between the subjects.
4.3.1.5 Assembly
The parts in of the model were assembled together and constrained with one
another appropriately. For example, the nucleus is connected to the annulus and
the vertebra is connected to the disc, in the human supine. To model this , the
parts in the model were connected using tie constraints. Tie constraints enforce
the same boundary conditions to the shared nodes of the selected constrained
edges. Each annulus and nucleus edge was tied to the upper and lower vertebrae
and together in their shared boundary. For example, L1 vertebra was tied to
L1L2 annulus and nucleus at its caudal edge (cranial direction for the disc). L1L2
annulus was connected to L1L2 nucleus where they share a same boundary.
L1L2 annulus and nucleus were both tied to L2 vertebra caudally (cranial edge L2
vertebra).
4.3.1.6 Boundary conditions
The values calculated as postural changes in section 4.2.2 were used as the
boundary conditions of each subject. This defined the boundary conditions as an
in-plane translation and rotation.
In this model, vertebrae were being treated as rigid bodies. Therefore, by
applying the translation, the vertebra was moved from one point to another, without
any deformation.
The translation and rotation of each vertebra, needed to be applied to all of
the nodes of the vertebrae. Therefore, the vertebra nodes were coupled to the
associated vertebral reference point calculated in section 4.2.2. The boundary
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conditions were applied to these reference points, and therefore to all vertebral
nodes.
As mentioned in section 4.3.1.5 vertebrae and the associated discs were tied
together. This would enforce the same boundary conditions to the annulus and
nucleus edges.
4.3.1.7 Analysis
Since the elastic model was not time dependant, one static step was assigned to
this model in the Abaqus software. The boundary conditions were ramped during
the step.
4.3.2 Preliminary Poroelastic model
4.3.2.1 Introduction
In section 4.3, the elastic models of lumbar spine were created. In this section,
the transient properties of the spine were implemented to the model by creating
poroelastic models. In the poroelastic model, the materials are not only defined
as purely solid or purely fluid; they are defined as solid and fluid phases. This is
applicable to biological tissues, such as spine, where the tissues are filled with
water.
4.3.2.2 Geometry
Since the same subject were being modelled, the geometries created in section
4.3.1.2 were used in here as well.
4.3.2.3 Material properties
In the poroelastic materials, the fluid material properties should be assigned as
well. Hence, in addition to solid phase material properties (table 4.1), the fluid
phase properties were also specified Williams et al. (2007), Ferguson et al. (2004).
The details of the poroelastic model material properties are shown in table 4.2.
The specific weight of the water was assumed as 9.81 kN/m−3. All of the tissues
were assumed as homogeneous and isotropic.
The value for vertebra permeability and void ratio was the result of the weighted
average of the bony endplate, cartilage endplate and cancellous bone Ferguson
et al. (2004). This homogenisation was based on the volume ratio of the three
parts. 29:1:1 (cancellous bone:bony endplate:cartilage endplate).
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Table 4.2: Material properties of the 2D poroelastic model Williams et al. (2007), Ferguson
et al. (2004) Vertebrae do play role in the fluid phase of the properties this time and do
have material properties. The initial void ratio of the parts were applied as the same value
as the void ratio in this table.
Materials Young’s
modulus
(E)(MPa)
Poisson
ratio (ν)
Permeability
(k)(mm4N−1s−1)
Void
ratio
Annulus 2.5 0.16 7.5× 10−15 2.33
Nucleus 1.5 0.21 5.5× 10−15 4.00
Vertebra N/A N/A 1× 10−7 2.02
4.3.2.4 Mesh
The ABAQUS software offers the plane strain elements, only, for 2D biphasic
materials. Hence, CPE8RP elements were used as the poroelastic element. This
means that the solid phase behaviour is defined as plane strain (section 3.2.3).
The mesh density and the seed size remained unchanged.
4.3.2.5 Assembly and Boundary conditions
Since the same subjects under the same conditions were being studied, assembly
and boundary conditions of the solid phase of the poroelastic model remained the
same as the elastic models.
No fluid boundary conditions at the outer annulus edges were set. That means
the edges are sealed and fluid cannot go out of the annulus.
4.3.2.6 Analysis
The poroelastic material respond in the model is transient. In ABAQUS, These
types of models require two main steps: loading and consolidation steps.
The loading step was created as one fixed increment. The length of this
increment was 5 seconds. In this step the boundary conditions ramped during the
5 seconds.
In the consolidation step there are no changes in the boundary conditions and
they remain unchanged. In this model, this step is from the time between the
loading (when the MR scan begins) and the observation of the postural changes
in MR images. Therefore, the length of the step was based on MR scan durations.
The MR imaging was performed with the same sequence of events on all of the
subjects as shown in figure 4.8. Step 1 is the preparation step where MR scanner
and the subjects are being prepared for the scan. Two scans were taken for each
individual: sagittal scans in step 2 and axial scans in step 4. In between, step 3 is
the delay between the sagittal and axial scans. The known timings are the start of
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Figure 4.8: The steps of MR images. These steps were implemented in the analysis of
the models.
the scan time (shown by arrows) and the duration of the scans. sagittal scans took
196 seconds and axial scans took 232 seconds. The preparations for standing took
roughly 8 minutes (480 seconds) and sitting preparation took roughly 5 minutes
(300 seconds).
The image results are not the representation of the final condition. They are
developed over the scan time. Therefore, half of the scan time was taken as the
step time. The standing duration was calculated as 570 seconds and sitting duration
as 390 seconds.
These timings are applied as the duration of the consolidation step. In the
consolidation step, the increments were automatically calculated by the software
after propagating the last step’s results.
4.3.3 Automating
In the previous sections (section 4.3.2.2 to 4.3.2.6), the procedure of creating a
single FE model was demonstrated. As it can be imagined, going through this
process for every subject would be very time consuming. Moreover, besides
geometry and the boundary conditions, the remaining details of the subject models
remained the same. Therefore, the automation of the remaining steps would be
very cost effective.
ABAQUS has Python programming language embedded in the software to
allow automated processing. As explained earlier (section 4.3.1.2), the associated
points in each posture are presented by a matrix. In every subject model, the
supine matrix was separated into five lumbar levels and one sacrum. Then, the
vertebrae, annulus and nucleus were created by assigning lines and curves where
appropriate by Python commands. The properties mentioned in (table 4.1 and
table 4.2) were assigned as material properties.
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Figure 4.9: The selection of elements in L4/L5 nucleus was created the same as figure
2.8 to represent the location at which the individual pressure was measured.
The remaining steps, assembly, mesh and boundary conditions, were imple-
mented in the GUI as it was a simpler choice. Thus, the exact same procedure
was performed for these steps (section 4.3.1.4 and section 4.3.1.5). Although not
all of the modelling procedure was automatised, the scripting of the models saved
days and weeks.
4.3.4 Model output
4.3.4.1 Selecting a region in the centre of L4L5
Generally, FE model results are compared to the available experimental results.
This helps to obtain an understanding of how accurate and realistic the FE model
is. In the literature, some in-vivo experiments measured the intradiscal pressure in
different postures and disc levels section 2.3.2. To compare our results, a selection
of elements (an element set), containing 100− 200 elements, was created in the
centre of the nucleus, similar to the experiment (figure 4.9). The average value
of compressive stress results for both models and pore pressure results for the
poroelastic model of this set were calculated.
4.3.4.2 Calculating the disc compression
The orientation of the L4L5 disc is not aligned with global coordinate system.
Therefore, the L4L5 vertical stresses are not the disc compressive stresses. To
calculate the compressive stresses on the disc, the coordinate system was rotated
to match the disc orientation.
The orientation of the disc was calculated as the average of the angle of two
endplates. Firstly, a line was selected passing through the most anterior and
posterior disc points, in the superior and inferior endplates. Then, the angle
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between each of these lines and the global horizontal line was calculated. The
rotation angle was the average of these two angles (Appendix C).
After determining the rotation angle, the resultant stress tensor was rotated by
below equation:
S = RS1R
‘ (4.1)
Where S is the stress tensor after rotation, R the rotation matrix, R‘ the transpose
of the rotation matrix and S1 the stress tensor before the rotation (Appendix C).
The orientation of the new stress tensor was the same as the disc orientation.
4.3.5 Results
The lumbar spine pore pressure distribution in standing and sitting is shown in
figure 4.10a for one of the subjects (subject number 6). This shows the pore
pressure distribution is different in standing and sitting postures and in different
levels. Negative pore pressure can be detected in the outer annulus. Mainly, with
the exception of L1L2 and L2L3, the magnitude of pore pressure is largest in the
nucleus.
Von-Mises stress distribution results are shown for both elastic and poroelastic
models figure 4.10b and figure 4.10b. Von-Mises stress illustrates the resultant
stress from principal normal and shear stresses. The inter level variation can be
seen for the Von-Mises stress distribution in both models.
Figure 4.11 compares the L4/L5 pore pressure and the compressive stresses
in standing and sitting across all nine subjects. The magnitude of the elastic and
poroelastic models’ stresses and pore pressure compared between standing and
sitting follow the same pattern. The L4L5 pore pressure value varies between
−0.2 MPa to 1.8 MPa. Two of the subjects have nearly the same pore pressure in
both standing and sitting (subjects 1 and 2), one of the subjects has highest pore
pressure in standing (subject 3), and the rest of the subjects the pore pressure is
highest in sitting.
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(a)
(b)
(c)
Figure 4.10: Preliminary 2D model results for one subject; (a) pore pressure distribution
(b) Von-mises stress distribution in the poroelastic model and (c) the von-Mises stress
distribution in the elastic model.
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Figure 4.11: The subject specific results in the centre of L4/L5 nucleus. Pore pressure and compressive stresses in the poroelastic model and compressive
stresses only in the elastic model.
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4.4 Discussion
In this chapter, very simple 2D finite element models of nine individuals were
created in sitting and standing. A very preliminary approach was chosen to asses
the preliminary idea of the displacement based postural models. Subject spe-
cific geometry and boundary conditions were calculated based on the previously
acquired MR images.
The results confirm the possibility of using the proposed method. As mentioned,
this method is based on incorporating MR images in standing, sitting and supine
with FE models. The development of the automated scripting allows a much faster
approach (roughly 10 times) to generate the FE model. The pore pressure results
in figure 4.11 are in the reasonable range.
The boundary conditions of the model were based on the movement of the
vertebrae in the acquired images. Therefore, the accuracy of the boundary con-
ditions results is dependant on the image resolution. The resolution of the MR
images was 1.17 mm. The use of a stronger field scanner would have given a
better resolution, and therefore, a better segmented model.
Also, the vertebrae points were selected manually from the MR images. This
selection is associated with errors. Previously, Ali et al. (2012) evaluated the
reliability of the landmark technique. They found a 0.3 mm accuracy for the
translation and 0.9◦ for rotation.
Moreover, errors were associated with the calculated boundary conditions in
the current study. These errors were assessed by comparing the coordinates of
the supine points, after rotation and translation, with the standing and sitting points
for each subject (Figure 4.4). Majority of the mean differences are less than one
pixel. That means the errors associated with assigning the landmark points are as
small as they can be, using this method.
In the elastic model, the lumbar spine was modelled with the plane stress
elements. Plane stress elements are used to model thin layers or membranes.
This representation is not sufficient for the lumbar spine. On the other hand, plane
strain elements are used to model long tubes. This is still not a good representation
of the lumbar spine. Despite these shortcomings, one of these elements had to be
chosen. In the end, plane strain elements would have been a better pick because
of their use in the poroelastic model.
In terms of the FE model, various major limitations are involved. Firstly, the
fibres of the annulus are not considered in the model. Fibres of the annulus
contribute to the load bearing of the disc (Section 2.2.3). Therefore, not considering
them, will have a major effect on the pore pressure and the disc stress results.
In the poroelastic model, no fluid boundary condition was assigned to the disc
or vertebrae. This means that fluid could not leave the lumbar spine during the
analysis. In addition, the pore pressure value would not converge to zero despite
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the passage of considerable amount of time. The negative pore pressure results,
seen in figure 4.10a, are the result of this issue.
The initial geometry of both standing and sitting models were based on the
supine posture. The pressure in the spine is not at zero in the supine posture.
Despite this, no initial stress or pore pressure was assigned to any part of the
model. In other words, the spine was assumed to be at rest whilst there are
stresses and pore pressure active at that stage.
With these associated limitations, comparing the standing and sitting results
would be inappropriate. A more detailed model was necessary to allow any
discussion regarding the results.
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Chapter 5
Improved 2D model
5.1 Overview
In (section 4.3), the method combining the FE and MR image in standing, sitting
and supine was developed. However, there were number of limitations to the
model. First, the material properties chosen for the annulus did not include the
effect of the annulus fibres. Second, the fluid boundary conditions were not defined
for the poroelastic models. Therefore, it was decided to create an improved set of
models to address these limitations.
The steps of creating the improved 2D models are explained in this chapter.
Firstly, annulus material properties are modified to include the effects of the
annulus fibres (Section 5.2). Then, the fluid and the initial boundary conditions are
applied to the model to simulate the fluid movement in the lumbar spine (Section
5.4.3). The results of the models are compared to experimental results from the
literature. The response of the models to these given inputs were assessed by the
sensitivity analysis. Discussion of the model is included in the end of the chapter.
The results of this section were published as a journal paper (Zanjani-Pour
et al. 2016).
5.2 Fibre reinforcement in annulus
5.2.1 introduction
In the previous model (section 4), the annulus was modelled as a homogeneous
isotropic material. However, as described in section 2.2.3, the annulus is created
from layers of collagen fibres. These fibres make the annulus a non-isotropic
material where the mechanical properties are dependant on the direction.
In section 3.3.2 some approaches for modelling the annulus were discussed.
In this thesis, a non-isotropic annulus is modelled by using the mixture theory.
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(a)
(b)
Figure 5.1: (a) The top view of annulus if considered as a cylinder. The fibres are
embedded in the matrix in a cylindrical coordinate. (b) The side view; layers of fibres
before orienting ±25 degrees.
Composite materials, not unlike the annulus, are created from a ground sub-
stance and fibres going through the ground substance matrix. Here, it was
assumed that the annulus is a cylinder and the collagen fibres go through the
ground substance of the annulus matrix in the cylindrical direction (figure 5.1a).
Different coordinate systems can also be defined for the annulus in two stages; in
the first stage, it is assumed that the fibres go through the annulus matrix without
any orientation (figure 5.1b). In the second stage, the fibres are oriented ±25 with
respect to the horizontal direction figure 5.2.
5.2.2 First stage: including fibre properties.
The mechanical properties of a composite depend on how much of the material is
fibre and how much is ground substance. So, Vf is the volume fraction of the fibre
and Vm the volume fraction of the matrix (Vm = 1 − Vf ). Also, E is taken as the
Young’s modulus, ν the Poisson’s ratio, G the shear modulus section 3.2.2 and K
the bulk modulus.
Equations below are used to calculate the fibre properties in stage 1 of the
calculation.
E11 = EfVf + EmVm +
4(νm − νf )2KfKmGmVmVf
(Kf +Gm)Km + (Kf −Km)GmVf (5.1)
ν12 = ν13 = νfVf + νmVm +
(νm − ν12f )(Km −Kf )GmVmVf
(Kf −Gm)Km + (Kf −Km)GmVf (5.2)
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G12 = G13 = Gm
(Gf +Gf ) + (Gf −Gf )Vf
(Gf +Gf )− (Gf −Gf )Vf (5.3)
G23 =
Gm[Km(Gm +Gf ) + 2GfGm +Km(Gf −Gm)Vf ]
[Km(Gm +Gf ) + 2GfGm −Km(Gf −Gm)Vf ] (5.4)
K =
(Kf +Gm)Km + (Kf −Km)GmVf
(Kf +Gm)− (Kf −Km)Vf (5.5)
E22 = E33 = 1/(
1
4K
+
1
4G23
+
ν212
E11
) (5.6)
ν23 =
2E11K − E11E22 − 4ν212KE22
2E11K
(5.7)
where:
ν12
E11
=
ν13
E22
; (5.8)
ν13
E11
=
ν31
E33
(5.9)
and
ν23
E22
=
ν32
E33
(5.10)
The indices 1, 2 and 3 are the coordinate directions. The direction of the model
can be defined as cylindrical and the coordinate directions would be θ, r and z. θ
was defined as the direction of the fibres through the matrix, r as the orthogonal
through the fibre and z the height of the disc (figure 5.1).
Based on the literature (Urban et al. 1982), collagen fibres comprise 70% of the
dry annulus while 30% of the annulus is water; that means 21% of the hydrated
annulus composite is fibre (Vf = 0.3 × 0.7 = 0.21). In the literature the collagen
fibres and the annulus matrix material properties were given as Ef = 500 MPa,
νf = 0.33, Em = 2 MPa and νm = 0.4 respectively (Williams et al. 2007, Yin
& Elliott 2005). The calculated mechanical properties of the composite, using
equations 5.1 to 5.7, were:
E11 = 106.978 MPa,E22 = E33 = 4.161 MPa,
ν12 = ν13 = 0.383, ν21 = ν31 = 0.0149, ν23 = ν32 = 0.6099,
G12 = G13 = 1.362 MPa,G23 = 1.292 MPa
and
K = 5.494 MPa
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Figure 5.2: The schematic of the annulus fibres.
5.2.3 Second stage: including fibre orientations.
Assuming the symmetry of the material properties for the defined axes (orthotropic
materials) the compliance (C) and stiffness (D) tensors (explained in section 3.2.2)
were generated as:
C =

0.0093 −0.0036 −0.0036 0 0 0
−0.0036 0.2403 −0.1466 0 0 0
−0.0036 −0.1466 0.2403 0 0 0
0 0 0 0.7739 0 0
0 0 0 0 0.7343 0
0 0 0 0 0 0.7343

and
The calculated stiffness and compliance tensors are the results of the compos-
ite of fibres and a tensor where the coordinate system is aligned with the fibres.
are orthogonal to the matrix. In annulus, collagen fibres are oriented with ±25◦
with respect to horizontal line as shown in figure 5.2. To apply that, the compliance
matrix was rotated:
Crotated = R
′CR (5.11)
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Where R is defined as (c = cos(θ) , s = sin(θ), θ = 25pi
180
, −25pi
180
):
R =

c2 0 s2 0 2cs 0
0 1 0 0 0 0
s2 0 c2 0 −2cs 0
0 0 0 c 0 −s
−cs 0 cs 0 c2 − s2 0
0 0 0 s 0 c

and R′ is the transpose of matrix R. The resultant of the rotation of the
compliance tensor in +25◦ and −25◦ is:
C+25 =

0.1206 −0.0291 −0.0736 0 −0.2060 0
−0.0291 0.2403 −0.1210 0 0.1096 0
−0.0736 −0.1210 0.2691 0 0.0291 0
0 0 0 0.7668 0 −0.0152
−0.2060 0.1096 0.0291 0 0.4541 0
0 0 0 −0.0152 0 0.7413

and
C−25 =

0.1206 −0.0291 −0.0736 0 0.206 0
−0.0291 0.2403 −0.121 0 −0.1096 0
−0.0736 −0.121 0.2691 0 −0.0291 0
0 0 0 0.7668 0 0.0152
0.206 −0.1096 −0.0291 0 0.4541 0
0 0 0 0.0152 0 0.7413

By averaging these two tensors, the final compliance tensor was:
C =

0.1206 −0.0291 −0.0736 0 0 0
−0.0291 0.2403 −0.121 0 0 0
−0.0736 −0.121 0.2691 0 0 0
0 0 0 0.7668 0 0
0 0 0 0 0.4541 0
0 0 0 0 0 0.7413

and the final stiffness tensor was:
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D =

12.5518 4.2023 5.3238 0 0 0
4.2023 6.7863 4.202 0 0 0
5.3238 4.202 7.0621 0 0 0
0 0 0 1.3041 0 0
0 0 0 0 2.2021 0
0 0 0 0 0 1.3489

5.3 Plane strain elastic model
5.3.1 Introduction
The 2D elastic models presented in this section are based on the models created
in section 4.3.1. Some changes are applied in material properties and the mesh
to improve the model. The other sections, such as geometry, remain unchanged.
5.3.2 Material properties
Firstly, in the improved 2D model, the calculated stiffness tensor in section 5.2
needed to be applied to the 2D model. The orthotropic stiffness tensor is depen-
dant on the direction and the coordinate system of the model. Therefore, in each
part of the model the coordinate system should be defined locally. In the Abaqus
2D environment, cylindrical orientations cannot be defined. This would lead to
the creation of Cartesian coordinate system shown in figure 5.3. Different local
coordinate systems were defined for each disc.
The defined Cartesian orientations resulted in changes in the stiffness matrix.
The input stiffness matrix in Abaqus was defined as:
DAbaqus (elastic) =

6.7863 4.202 4.2023 0 0 0
7.0621 5.3238 0 0 0
12.5518 0 0 0
2.2021 0 0
sym 1.3489 0
1.3041

Where directions are defined as X, Y and Z respectively. This matrix was
assigned as an orthotropic material properties of annulus in the Abaqus software.
In the preliminary model (section 4.3.1.3), the Poisson’s ratio of the disc was
assigned 0.16 for nucleus and 0.24 for annulus. However, this choice would not
represent the properties of the disc in the elastic models where ν has been
measured to be higher. The nucleus material properties have been defined
elastically and nearly incompressible by assigning a Poisson’s ratio close to 0.5
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Figure 5.3: Material orientation defined for the annulus in each level. The orientation was
defined for each annulus separately.
Table 5.1: Elastic model material properties. *Material properties of annulus are defined
as a stiffness tensor defined in section 5.2
Materials Young’s
modulus
(E)(MPa)
Poisson’s
ratio (ν)
Volume
fraction
Annulus 2.5∗ 0.4∗ 0.21
Nucleus 1 0.45 N/A
Vertebra N/A N/A N/A
Williams et al. (2007). The Poisson’s ratio of the nucleus and the annulus matrix
are both selected to model their behaviour as an elastic material. Table 5.1 shows
the detail of the applied material properties (the annulus stiffness tensor was
applied separately as an orthotropic material.).
5.3.3 Mesh
In the preliminary elastic model, plane stress elements were used to create
the mesh. Both 2D plane stress and 2D plane strain elements have their own
limitations section 3.2.3. None of the options are ideal for modelling the spine.
Nonetheless, in this study, the stresses within the disc are being investigated.
Also, as discussed in section 4.3.2.4, the poroelastic 2D models created in the
Abaqus software can be only 2D plane strain. Thus, the comparison between
the 2D elastic model with the poroelastic model is more relevant with the use of
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Table 5.2: Poroelastic model material properties. *Annulus is represented by a stiffness
tensor. These values represent the annulus ground matrix properties in the poroelastic
model. The fibre properties were the same as elastic model.
Materials Young’s
modulus
(E)(MPa)
Poisson’s
ratio (ν)
Permeability
(k)(mm4N−1s−1)
Void
ratio
Annulus 2.5∗ 0.17∗ 7.5× 10−16 2.33
Nucleus 1 0.17 7.5× 10−16 4.00
Vertebra N/A N/A 1× 10−7 2.02
plane strain elements (CPE8RH). The other modification was the use of hybrid
elements. These types of elements are used when the Poisson’s ratio of the
material is close to 0.5. These materials are nearly incompressible and the errors
will be involved if not using hybrid elements.
5.4 Poroelastic model
5.4.1 Material properties
The material properties used in the poroelastic model also changed compared
to the first model. Table 5.2 shows the material properties used in the second
poroelastic model (Ferguson et al. 2004, Williams et al. 2007, Yin & Elliott 2005).
Since the solid phase material properties are not the same as the elastic model,
the annulus tensor changes as well. The poroelastic annulus tensor defining the
orthotropic material properties is shown below:
DAbaqus (poroelastic) =

3.3311 0.4289 0.4548 0 0 0
3.6735 1.6144 0 0 0
10.2063 0 0 0
2.2679 0 0
sym 1.5942 0
1.4824

5.4.2 Mesh
The only difference with the preliminary model mesh was the addition of hybrid
behaviour (CPE8RPH). Although not necessary, but for comparison purposes
hybrid element was used for the poroelastic model similar to the elastic model.
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Figure 5.4: The pore pressure in external boundaries of the disc (red curves) were
assigned as ‘0.1MPa’ to firstly allow the fluid to drain outside the disc and secondly
simulate the initial pressure in supine posture.
5.4.3 Pore pressure boundary conditions
In the preliminary mode, no fluid boundary condition was implemented. This means
that the fluid was trapped inside the spine and has nowhere to go. As a result, the
converged value of the pore pressure after a long elapsed time would have been
a non-zero value. Moreover, the negative pore pressure values were detected in
the annulus (figure 4.10a). The water drainage through the annulus boundaries
is dependant on numerous variables and many of them remain unknown for a
specific subject (Galbusera, Schmidt, Neidlinger-Wilke & Wilke 2011). To avoid
these complications, firstly, drainage was allowed through the annulus in the
second model. This would avoid negative pore pressure results and allow fluid
drainage out of the disc, similar to reality.
In addition, to recreate the 0.1 MPa pressure in the disc in the supine posture,
many procedures were examined. Assigning 0.1 MPa pore pressure to L4L5
nucleus was not sufficient and did not have any effect on the final pore pressure
value; the initial pore pressure is lost after applying translations and rotations.
Previously in the literature (Argoubi & Shirazi-Adl 1996, Ferguson et al. 2004,
Schmidt et al. 2010, Galbusera, Schmidt, Neidlinger-Wilke & Wilke 2011), the
initial pressure has been modelled by assigning the desired value at the external
disc boundaries and in a very long initial step. The pressure gradient will force
the whole disc, and the lumbar spine in our case, to have the same initial pore
pressure before the translation and rotation were applied. Therefore the initial pore
pressure of ‘0.1 MPa’ was applied to the outer annulus boundaries (figure 5.4).
After 100, 000 seconds the pressure in the whole model was the same as the
desired value of 0.1 MPa. This pressure was propagated through the whole
analysis.
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5.4.4 Analysis
In this poroelastic model, there was an initial pressure assigned to the outer
annulus as explained in section 5.4.3. This primary step was divided into two steps:
first the pressure was ramped over a 50 second step where the time increment is
automatically calculated and next a 100, 000 second step allowing the nucleus to
reach to 0.1 MPa, divided into fixed 20,000 second increments.
After these steps, boundary conditions were applied during a 5 second step
(0.1 second increments). The consolidation step remained the same as the first
model; 390 seconds for sitting and 570 seconds for standing with automatically
calculated increments.
5.4.5 Measuring annulus bulges
The disc bulges in the radial direction increases in proportion to the applied load
(Brinckmann & Grootenboer 1991). The value of these bulges can be considered
as an additional measure for validating FE models (Jones & Wilcox 2008).
To measure the bulges in the model, two nodes were selected visually in the
posterior and anterior side of the L4L5 disc. The straight line passing through
these nodes was roughly parallel to the endplates. The bulge of the disc was the
difference between the distance of the two nodes before and after the analysis.
This process was repeated in standing and sitting for each subject.
5.5 Model outputs
Similar to the previous chapter (Section 4.3.4), a region was selected in the centre
of L4L5 disc. The average pressure and stress results of this region in each
posture was compared for each individual. Also, the stress tensor was rotated
to match the L4L5 disc orientation. This would result in calculating compressive
stresses.
5.6 Mesh convergence test
The mesh convergence test is to verify the FE model; the model’s results should
converge to a value as the mesh density increases (or mesh seed decreases).
The mesh convergence test was performed for the poroleastic model of subject 9
with 0.6 mm, 0.45 mm, 0.3 mm, 0.25 mm, 0.18 mm and 0.11 mm mesh seed for the
disc. The average pore pressure results for a visually selected element set was
compared for the model with these mesh seeds values.
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Table 5.3: The input parameters for material properties sensitivity analysis. ∗ The values
are shown in a separate table as annulus is created from fibres and matrix.
Sensitivity
changes
Young’s
modulus
(E) (MPa)
Poisson’s
ratio (ν)
Permeability
(k) (mm× s−1)
Void ratio Volume
fraction
Annulus +25% ∗ ∗ 9.20
−9 2.912 0.26
−25% ∗ ∗ 5.52−9 1.747 0.16
Vertebra +25% N/A N/A 2.45 1.337 N/A−25% N/A N/A 1.47 0.802 N/A
Nucleus +25% 1.25 0.2125 9.20
−9 5 N/A
−25% 0.75 0.1275 5.52−9 3 N/A
Table 5.4: Input annulus material properties for the sensitivity analysis.
Annulus Sensitivity
changes
Young’s
modulus
(E) (MPa)
Poisson’s
ratio (ν)
Matrix +25% 3.125 0.49−25% 1.875 0.30
Fibres +25% 625 0.2125−25% 375 0.1275
The poroleastic model mesh convergence test is much less stable than the
elastic model. Therefore, by testing the poroelastic model’s convergence, the
elastic model is verified as well.
5.7 Sensitivity analysis
FE models are created based on the given inputs such as material properties and
boundary conditions. In these subject models, one material value set was applied
to all. In other words, the material properties assigned to the models are not
subject specific. However, the properties of the disc vary a lot between subjects.
Even during the day, the material properties change. Moreover, the calculated
boundary conditions are subjected to errors in choosing the landmark points as
discussed in section 4.2.2.
To assess the sensitivity of the model to these variations, a poroleastic model of
one individual was subjected to the changes in material properties and boundary
conditions, one at a time. The material properties were subjected to ±25% change.
The values of the properties used in each of these model are given in table 5.3
and 5.4.
The boundary conditions sensitivity was also assessed by adjusting the L4
vertebra translation and rotation by 0.3 mm (in vertical and horizontal directions)
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Table 5.5: The input parameters subjected to L4 vertebra as boundary condition sensitivity
analysis.
Horizontal
translation
(mm)
Vertical
translation
(mm)
Rotation
(Rad)
37.28 −25.48 0.09
36.68 −26.08 0.06
and 0.9◦ as subjected to estimated errors of simulated images Ali et al. (2012).
The table 5.5 shows the input parameters for the boundary conditions sensitivity
analysis.
The L4L5 IDP results of each adjustment were compared to the original results
to understand the effects of changing that particular input parameter.
5.8 Results
5.8.1 2D model results
Figure 5.5a shows the pore pressure distribution in the improved 2D poroelastic
model in subject 6. The range of pore pressure in the discs was 0− 2 MPa with
the exception of one disc (L2-L3) in the sitting posture. The value of the pore
pressure in each disc was maximum in the nucleus region. This value dropped
in the lateral direction and reached 0.1 MPa at the annulus boundaries. In the
vertebrae, the pore pressure was nearly zero.
Figure 5.5b and figure 5.5c illustrate the Von-Mises stress distribution in the
improved poroelastic and elastic models respectively in the same subject. The
maximum Von-Mises stress in the poroelastic model is about 0.3 MPa (ignoring
high values of the corner artefact). On the other hand, in the elastic model the
Von-Mises stress is less than 0.6 MPa throughout the spine, except the outer
annulus boundaries. The reason of this difference is that at the elapsed time in the
poroelastic model the load is still in the form of pore pressure rather than effective
stresses.
The transient pore pressure results for the L4L5 nucleus element selection are
shown in figure 5.6. The beginning of the analysis is when the pore pressure is
0.1 MPa. Then, the boundary condition is applied as a ramp over five seconds.
The pore pressure reaches a maximum at the end of this step. In the consolidation
step, pore pressure drops for standing and sitting until the analysis is stopped
according to the assigned timings.
The average pore pressure (poroelastic model) and compressive stress (elastic
model) in the centre of the L4L5 nucleus for all of the subjects are compared in
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(a)
(b)
(c)
Figure 5.5: Distribution of stress results in one subject; pore pressure distribution (a) and
Von-Mises stress distribution (b) of postural models in the poroelastic model. and the
Von-Mises stress distribution (c) in the elastic model.
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Figure 5.6: Pore pressure decay in standing and sitting (Subject 9).
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Figure 5.7: The subject specific results in the centre of L4/L5 nucleus; compressive
stresses in the plane strain elastic model (a) and pore pressure in poroelastic model (b).
figure 5.7. The pore pressure results suggest that in two of the subjects, pore
pressure is the same in standing and sitting (subjects 1 and 2). In one of the
subjects, standing pore pressure is higher in standing compared to sitting (subject
3). In all the other six subjects, sitting creates more pore pressure compared to
standing. The compressive stress comparison between the subjects in the elastic
model illustrates the same pattern as the pore pressure results.
5.8.2 Disc bulging
The values for the annulus bulges for each subject are given in table 5.6. The
“before” value was the same for standing and sitting since they both start from the
supine. The value of bulging was generally bigger in sitting compared to standing
except subject 102.
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Table 5.6: Bulges results in the porelastic models. The measurements are all in mm.
Sitting Standing
Subject no. Before After Bulge Before After Bulge
1 43.9 48.5 5 43.9 47.5 4
2 38.8 43.5 5 38.8 41.7 3
3 37.3 41.5 4 37.3 41.5 4
4 36.2 42.7 6 36.2 38.3 2
5 38.8 41.7 3 38.8 40.5 2
6 37.4 41.6 4 37.4 40.5 3
7 33.9 40.1 6 33.9 36.8 3
8 31.6 36.8 5 31.6 35.4 4
9 37.4 44.9 8 37.4 40.8 3
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Figure 5.8: Mesh convergence test; pore pressure results.
5.8.3 Mesh convergence test results
The pore pressure results of subject 9 poroelastic models with different mesh
seeds is shown in figure 5.8. The current mesh seed size (0.25 mm) is highlighted
in green colour.
5.8.4 Sensitivity results
The sensitivity results are shown in figure 5.9. Changing the annulus matrix
Young’s modulus and nucleus permeability ratio by ±25%, had the biggest effect
(10%) compared to other material properties. The biggest change in the results
was seen when the vertical displacement was changed by ±0.3 mm. The effect of
such change affected the pore pressure results by nearly 20%.
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Figure 5.9: Pore pressure sensitivity analysis of the second poroelastic model.
(AF=Annulus, NP=Nucleus, V=Vertebrae, K=Permeability, E=Young’s modulus,
Pr=Poisson’s ratio, Tx=Translation in X direction, Ty=Translation in y direction, R=Rotation,
Vol frac=Volume fraction)
5.9 Discussion
In this chapter, an improved and more detailed 2D model was developed. Firstly,
the effects of the fibres were considered in the model by assuming the annulus a
composite material. This composite material included the fibres and the annulus
ground matrix. In the elastic models, plane strain elements were considered as
opposed to plane stress elements. In the poroelastic models, the fluid boundary
conditions were implemented to control the fluid movement. Moreover, 0.1MPa
pore pressure was assigned to annulus boundaries as an initial step. Sensitivity of
the poroelastic model to input material properties and boundary conditions were
examined. Finally, the increase in the disc bulges were measured.
This model is a more detailed version of the model developed in chapter 4;
the same subjects and MR images were used to create these improved models.
Therefore, the geometry and rigid body boundary conditions remained the same
as before. Even the mesh size remained the same. This allows the L4L5 nucleus
element selection to remain the same as well. The incorporation of the fibres in
the annulus and intrinsic fluid pressure outside of annulus were the improvements
on the in chapter 4 models. These changes make the model’s behaviour and
simulation closer to reality. The method used to develop these models can be
used in more postures such as flexion and extension.
In the poroelastic model, 0.1 MPa initial pore pressure was assigned to the
annulus boundaries in two pre-analysis steps. In the end of these steps the pore
pressure within the lumbar discs, including the L4-L5 nucleus was 0.1 MPa. This
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recreates the intrinsic pressure within the disc as the spine is not at rest in the
supine position. This method has been used before in different models (Galbusera,
Schmidt, Neidlinger-Wilke & Wilke 2011).
The L4L5 compressive stresses predicted by the elastic model and the pore
pressure by the poroelastic model follow the same trend. That means, for the
same subject, if the calculated pore pressure in the poroelastic model is bigger for
sitting, the calculated compressive stress is bigger in sitting as well.
According to Adams et al. (2007), the pore-pressure results are the best
measure to compare the experimental IDP results with. The value of the pore
pressure differed in each subject (figure 5.7). The difference between the results
for different subjects is consistent with the experimental results from the literature.
In Sato et al. (1999) the majority, but not all, of the subjects had more IDP in sitting
whilst in Wilke et al. (1999) in standing. Our results include both of these; the
IDP is bigger standing for one subject and bigger in sitting for six. Two of the
subjects had nearly the same IDP in standing and sitting. The difference between
the subjects can explain these results. Each subject has a different shaped spine.
More importantly, the changes in the curvature varies greatly moving from supine to
standing or sitting. This would result in different stress distribution and magnitude
for each posture.
The output of any FE model is dependant on what has been assigned as the
inputs. The effects of material properties and the boundary conditions inputs
were analysed in the sensitivity analysis (Figure 5.9). The vertical displacement
had the biggest effect of all the inputs. Changing the vertical displacement by
0.3 mm resulted in nearly 20% change in the pore pressure results. More accurate
results can be obtained by using different techniques such as vertebral tracking
fluoroscopy (Breen et al. 2006). The sensitivity of the model to the other inputs
were less than 10%.
As shown in figure 5.5a, for the sitting model, the maximum pore pressure is
in the L2L3 nucleus while the the L1L2 disc has the minimum. This might be the
error of boundary condition calculation; the final position of the L2 vertebra could
have been higher.
The boundary conditions of the model are calculated for an in-plane displace-
ment. In reality, the spine has six degrees of freedom (three translations and
three rotations). However, between standing, sitting and supine, the out of plane
displacement of the vertebral bodies are minimal.
Figure 5.10 shows the relation between the pore pressure data and the input
boundary conditions: translation in the vertical and horizontal directions and the
disc wedge angle (the difference between the endplate angles of the corresponding
vertebrae). No significant correlation was found between the disc wedge angle,
vertical or horizontal translation and the output pore pressure. It seems that the
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pore pressure is dependant on the boundary conditions as a collective, and not
necessarily dependant on each variable individually. There was a strong and
nearly significant correlation between the pressure in standing and the vertical
displacement (R = 0.66, p = 0.053) and a moderate but non-significant correlation
between wedge angle the vertical displacement (R = 0.57, p = 1.1). In Sato et al.
(1999) study, a significant correlation between motion angle and the standing IDP
was found. Nevertheless, no correlation was found between sitting IDP and the
angle of motion in either studies.
In the transient poroelastic model, the timing of the applied boundary condition
does matter in the analysis. Figure 5.6 shows the pore pressure decay in the
centre of L4L5 nucleus. The consolidation timing for standing was longer than
sitting. This might affect the amount of pore pressure difference in standing and
sitting. However, the applied boundary conditions were calculated for these timings.
The standing boundary conditions would have been different if the same time was
elapsed as sitting. Moreover, even with the same consolidation time, the pore
pressure value for standing would have been lower than sitting according to figure
5.6.
The mean value of the disc bulges in poroelastic models were 5 mm for sitting
and 3 mm for standing. These values are excessive compared to experimental
measurements (Brinckmann & Grootenboer 1991). An example of this bulge can
also be seen in figure 5.5.
There are more limitations associated with this model such as the use of the
same material properties in every subject model and modelling vertebrae as rigid
bodies. These are discussed more in section 6.8.
Nevertheless, the created models are 2D. In 2D models the out of plane strains
(or stresses) are not being considered. This limits the prediction of these models.
Such limitation can also be the cause of excessive bulges.
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Figure 5.10: This graph shows the correlation between the pore pressure and the vertical
translation, horizontal translation and the wedge angle. The correlation was not significant
nor strong (p > 0.05).
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Chapter 6
3D models
6.1 Overview
In chapter 5, 2D models of the lumbar spine in standing and sitting were created
based on the supine posture. 2D models are a pragmatic approach to get the
results in a short time and assess the proposed methods. In the 2D models,
however, the real strains and stresses were not being modelled; the strains and
stresses were limited due to the use of plane stress and plane strain elements.
Also, the deformation was simulated as in-plane, only. This is potentially the reason
for large bulges measured in the disc.
This chapter aims to compare the use of 2D and 3D models. Firstly, 3D
MR images were segmented to create the L4L5 disc and adjacent vertebrae
of one individual. Then, elastic and poroelastic 3D models were created. The
geometries of the of the 3D models were based on the segmentation created
earlier; the geometry of the vertebrae were reduced since they were being treated
as rigid bodies. The same material properties as used in the previous chapters
were applied to the models. The only available data for this subject was in the
supine posture. Therefore, the subject specific boundary conditions could not be
implemented. Instead, the average values of the 2D models boundary conditions
(section 4.2.2) were used. For comparison purposes, 2D models of the subject
were created based on the mid-sagittal slice of the 3D MR images. The same
boundary conditions as the 3D model were applied to these models. IDP and disc
bulge results were compared between the 2D and the 3D models.
6.2 Imaging and the geometry
6.2.1 Image data
The geometry of the models was based on the 3D MR images of one person
acquired on a 1.5 Tesla MR scanner (Intera, Philips) using a recieve only spine
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(a) (b)
(c) (d)
Figure 6.1: (a) The mid-sagittal slice of the image set used in the 3D model. Other planes
were also used to assess the vertebrae and disc boundary selection. The selected pixels
are saved as masks (b). These boundaries were filled (c) and the nucleus was created
using morphological filters (d).
coil (Synergy, Philips). The field of view (FOV size of 130 mm× 130 mm× 120 mm)
included the L3-S1 spine levels with 1.02 mm × 1.02 mm × 1.2 mm voxel size.
The number of slices was 128 × 128 × 100. T1 weighted scan sequences were
used with a repetition time of 1000 ms and an echo time of 8 ms. A sample of
these images is shown in figure 6.1. The geometry of the models were based on
these MR images.
6.2.2 Segmentation
The MR images were segmented in the ScanIP software environment (Simpleware
Ltd, Exeter, UK). In the segmentation process the L4 vertebral body, L5 vertebral
body, L4L5 annulus and L4L5 nucleus were selected independently. The selected
areas are referred to as masks. In the Scan IP software, the MR image set was
firstly imported into the Scan IP software. After adjusting the brightness, the L4
vertebra edges were selected by using manual painting in the sagittal slices. In
this manner, a closed curve was achieved for the L4 vertebra (figure 6.1b). Then,
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these painted closed curves were filled using the flood fill filter. This filter selects
and adds whatever is enclosed in the painted curve to the mask. The result of the
flood fill was manually modified in the caudal and the axial views using manual
painting. The segmented L4 vertebra was the result of this segmentation. This
procedure was repeated for the L5 vertebra and L4L5 disc, producing three masks
in total (figure 6.1c).
The boundary between the nucleus and the annulus was impossible to de-
tect in the MR images. This was because the images were acquired using a T1
weighted scanning sequence which produces little contrast between the nucleus
and annulus. Therefore, the nucleus mask was created using the eroding morpho-
logical filter. The morphological filters can be used to erode or dilate a mask; that
means a mask is reduced or increased in size. The nucleus mask was created by
eroding (decreasing in size) the copy of the disc mask by 6 mm in the lateral and
anteroposterior directions. Then, this mask was modified using manual painting.
As a result, four masks were finally created (figure 6.1d).
Often, a voxel was shared between two or more masks during the manual
segmentation. For example, many voxels were selected as both the vertebrae
and the discs at the disc boundaries. It is possible to subtract two masks using a
Boolean operation in the Scan IP software. In the subtract Boolean operation, one
mask is subtracted from another, leaving no overlap between them. In the disc,
the nucleus mask was subtracted from the disc mask. The L4 and L5 masks were
also subtracted from the disc and the nucleus mask. By the end of this process,
there was no overlap between any of the masks in the segmented model.
As the last segmentation step, a Gaussian smoothing filter was applied to all
of the four masks in the model. This filter smooths the surface of a given mask
by removing very small features due to noise in the segmentation. However, this
will delete some of the data if the smoothing value is too large. A reasonable
value for the Gaussian filter (σV oxel = 1) was chosen in order to have a smooth
surface and at the same time not lose too much information. This was evaluated
by checking the sagittal and axial MR image segmentations. The final result of the
segmentation is shown in figure 6.2.
6.3 Reference points
As explained in chapter 4 and 5 the boundary conditions are applied to vertebral
reference point. These reference points were calculated based on the MR images.
In the mid-sagittal slice of the MR image set (slice number 52), each vertebra was
assigned 28 landmark points (section 4.2). The average of these 28 points was
then calculated to determine the location of the reference point for each vertebra.
The boundary conditions, give in section 6.4.6, were applied to these reference
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Figure 6.2: The segmented geometry of the L4 and L5 vertebrae and the disc.
points.
6.4 3D models
6.4.1 Introduction
In this section, the creation of the elastic and poroelastic 3D models of the indi-
vidual in sitting is described. The 3D model geometry was created based on the
segmented L4L5 model (section 6.2.2). The mesh was also generated in the Scan
IP software. The same material properties as used in the 2D models described
previously in section 5.3.2 and 5.4.1 were applied to the elastic and poroelastic
models respectively. The models were assembled in the same way and the solid
phase boundary conditions were applied to vertebrae reference points. In addition,
the fluid phase boundary conditions were implemented for the poroelastic model.
6.4.2 Geometry
6.4.2.1 Elastic
The created segmentation in section 6.2.2, comprised all of the vertebrae including
the pedicles, posterior elements and the whole vertebral bodies. In the FE analysis,
however, the vertebrae were assumed to be rigid bodies. Hence, there was no
need to model the details of the vertebral bodies. So the vertebrae masks were
decreased to 30 axial slices. In this manner, the analysis would be more efficient
and less time consuming. Figure 6.3a and figure 6.3b show the updated version
of the geometry in the sagittal plane and in 3D.
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6.4.2.2 Poroelastic
In the poroelastic model, the vertebrae sizes were decreased even more com-
pared to the elastic model. This is because of the complexity, and therefore time
consumption, of the poroelastic models. Initial attempt to solve the model with
the full segmentation hadn’t been solved after 3 weeks. The final 3D poroelastic
model geometry is shown in figure 6.4a and figure 6.4b
6.4.3 Mesh
6.4.3.1 Elastic
The segmented geometry was meshed in the Scan IP software. Figure 6.3b
presents the structure of the generated mesh. The mesh seed size of the vertebral
bodies was 1.8 mm and the disc was 0.5 mm. All of the elements were quadratic
tetrahedrons. This mesh was exported using the Simpleware +CAD add-on module
(Simpleware Ltd. Exeter, UK) and imported to the Abaqus software. In Abaqus the
(a)
(b)
Figure 6.3: The final geometry of the model from (a) sagittal view and (b) 3D view
(a) (b)
Figure 6.4: The 3D poeoleastic model geometry of the model from (a) sagittal view and
(b) 3D view.
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elements were defined as 10 node quadratic tetrahedrons (C3D10).
6.4.3.2 Poroelastic
The mesh density in the 3D poroelastic model was decreased from what it was
in the 3D elastic model. The mesh seed size for the disc was 0.8 mm and for
the vertebrae 1.5 mm with only tetrahedron elements. This meshed model was
imported to Abaqus software as 10-node trilinear displacement and pore pressure,
reduced integration element (C3D10MP ).
6.4.4 Material properties
6.4.4.1 Elastic
The same material properties as in the previous 2D elastic models (table 5.1) were
assigned to the 3D elastic model. The annulus properties were still orthotropic.
The orientation of the annulus was defined based on a cylindrical coordinate
system aligned with the axis of the disc. This coordinate system was created
by assigning the centre visually to one node and then defining the orientation by
selecting more nodes from the annulus. Hence, a coordinate system matching the
orientation of the annulus was generated.
6.4.4.2 Poroelastic
The material properies of the poroelastic 3D model remained unchanged compared
to the previous 2D poroelastic models. These properties are shown in table 5.2.
The orientation of the annulus fibres remained the same the elastic model.
6.4.5 Assembly
Both the elastic and poroelastic models were assembled using the pre-created
node sets in the Scan IP. For example, there are nodes in contact from the inner
annulus and the outer nucleus; two node sets (one for annulus and one for nucleus)
were created and saved in the Scan IP.
In the FE models, these node sets were tied together, enforcing the same
boundary conditions for both sets. The tied contact node sets were L4 vertebra–
annulus, L4 vertebra–nucleus, annulus–nucleus, L5 vertebra–annulus and L5
vertebra–nucleus. Also, each of the L4 and L5 vertebrae sections were coupled to
their corresponding reference points.
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Table 6.1: The calculated boundary conditions (translation and rotation) of the new 3D
model based on the landmark points.
Sitting
X trans (mm) Y trans (mm) Rot (Rad)
L4 25.8 -15.5 0.070
L5 22.2 -15.5 0.230
Difference 3.5 0 0.16
6.4.6 Boundary conditions
6.4.6.1 Elastic and poroelastic solid phase
The geometry of the models were created based on the supine posture MR images.
However, the standing and sitting MR images were not available. Therefore, the
average of the sitting boundary conditions calculated from the 2D data from 9
participants (section 4.2.2) was used in the 3D models. These values are shown
in table 6.1.
These sitting boundary conditions, were applied to the vertebra reference point
(average of the 28 landmark points calculated in section 6.3), coupled with the
nodes of the corresponding vertebra.
6.4.6.2 Poroelastic fluid phase
To model the existing disc pressure in the supine posture (the initial posture)
0.1 MPa pore pressure was assigned to the outer surface of the annulus. This
surface was selected as a node set and 0.1 MPa pore pressure was assigned to
this selection.
In addition, a zero pore pressure was assigned to the upper and lower vertebrae
outer surfaces. This was to allow free fluid flow from those surfaces. Therefore,
the fluid would not be trapped in the L4L5 disc.
6.4.7 Analysis
6.4.7.1 Elastic
The vertebral boundary conditions were applied on a ramp over a 1 second step in
the elastic model.
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Figure 6.5: The geometry of the 2D model created based on the 3D MR images.
6.4.7.2 Poroelastic
The analysis of the 3D poroelastic model consisted of three steps:
1. 100, 000 seconds (two 50, 000 second increments) fixed initial step to allow the
applied 0.1 MPa pore pressure to reach equilibrium across the model;
2. 5 second fixed step for applying the translation and rotation boundary condi-
tions as a ramp to the reference points;
3. 390 seconds step with the increments automatically calculated as the consoli-
dation step.
6.5 2D models for comparison
Since the geometry and the boundary conditions in the 3D models were different
than chapter 5 models, 2D models of the individual were created based on the
same MR images.
The geometry of the 2D model was based on the mid-sagittal slice of the 3D
MR images. The landmark points assigned in section 6.4.6 were used to create
the 2D model geometry. The steps to create the geometry were the same as
explained in section 4.3.1.2, with the difference of having only two vertebrae and
one disc instead of the whole lumbar spine. Figure 6.5 shows the geometry of the
2D model.
The boundary conditions (solid and fluid) and the material properties remained
the same as the 3D models. The model was assembled similar to the 3D model
(tie between nucleus, annulus and the vertebrae). The mesh was generated with
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plane strain elements; CPE8RH for the elastic and CPE8RP for the poroelastic
models.
6.6 Model outputs
A selection of elements was created in the centre of the L4L5 nucleus, similar to
the previous 2D models in section 4.3.4.1. The average of these elements was
considered as the stress and pressure results in the centre of the L4L5 disc. Also,
the pore pressure decay over the consolidation step was determined.
A line was visually selected in the middle of the disc along a line running in the
mid-plane of the disc sagittal section from the posterior end to the anterior end.
The stress and pressure results along this line was considered as the stress or
pressure distribution in the anteroposterior direction of the disc.
The disc bulges were calculated by subtracting the distance between visually
selected nodes across the central anteroposterior line (in 3D, the mid-sagittal
plane), before and after the analysis. This process was an option in query section
of the ABAQUS software.
6.7 Results
6.7.1 Elastic
Figure 6.6 shows the vertical stress distribution (S22) in the sectioned 3D model.
The stress results for the selection of elements in the centre of nucleus are
compared in figure 6.7. The normal stresses in the 3D model are always less
than the 2D model. In both models the vertical stresses (S22) are the dominant
stresses. In the 2D model the out of plane shear stresses (S13 and S23) are non
existent because of the nature of the 2D plane strain elements.
Figure 6.8 illustrates the vertical stress (S22) values along a line passing from
the posterior to the anterior of the disc. The stresses are highest in the nucleus
and annulus boundary at around (at around 10 mm and 30 mm). The pattern of
the stress along the line looks similar in both 2d and 3D models.
Figure 6.9 compares the bulges of the annulus in the 2D and 3D models. In
the 2D model the bulging value is 4.85 mm while in the 3D model is 2.27 mm. This
shows a dramatic decrease in the 3D model bulge value.
6.7.2 Poroelastic
Figure 6.10 shows the pore pressure distribution in the sectioned 3D model. The
upper vertebra is the L4 vertebra and the lower is the L5. The pore pressure at
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Figure 6.6: The 3D elastic vertical stress sitting. The left hand side is the posterior and
the right hand side the anterior, part of the disc. X is the direction 1 and Y is direction 2.
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Figure 6.7: The value of the stress in the centre of the nucleus in the 2D and 3D elastic
models. Out of plane hear stresses are not considered in the 2D models.
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Figure 6.8: The stress distribution along the posteroanterior centre line of the disc in the
mid sagittal plane. 0 mm is at the posterior boundary of the annulus.
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Figure 6.9: The bulge values in the 2D and 3D elastic models.
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Figure 6.10: Pore pressure distribution in the anterior posterior section of the L4L5 disc.
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Figure 6.11: The pore pressure values in the 2D and the 3D models. The left hand side
is the posterior and the right hand side the anterior part of the disc.
the outer annulus boundaries is 0.1 MPa because of the applied fluid boundary
condition. The maximum pore pressure occurred in the posterior annulus, where it
meets the nucleus. The pore pressure in the nucleus drops from the posterior to
the anterior direction.
The calculated value for the pore pressure in the centre of the nucleus is
compared for 2D and 3D models in figure 6.11. This value is can be considered as
the intradiscal pressure in the poroelastic models (Adams et al. 2007). The pore
pressure in the middle of the L4L5 nucleus for the 3D model is 0.56 MPa and in
the 2D model 1.74 MPa.
The changes in the nucleus pore pressure over the time is shown in figure 6.12.
The first step (100, 000 seconds) was not shown in the graph. After that step, the
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Figure 6.12: The pore pressure results over the elapsed time in the 3D and 2D models.
0 mm is at the posterior boundary of the annulus.
initial pore pressure has reached 0.1 MPa by the time that the boundary conditions
are being applied. The pore pressure value ramps during the application of the
translation and rotation. It reaches to the maximum by the end of the 5 second
step and starts to decay. The maximum pore pressure value for the 2D model is
nearly 2.5 times more than the 3D model. The decay continues until the end of
the 390 second step.
The distribution of the final pore pressure along a line running in the mid-plane
of the disc sagittal section is compared in figure 6.13. In both 3D and 2D models,
the value of the pore pressure rises from the posterior end of the annulus (0 mm)
and reaches the maximum at the posterior nucleus boundary. This value slightly
decreases in the nucleus and then drops to 0.1 MPa at the anterior boundary of
the annulus.
The bulge value of calculated L4L5 disc are compared in figure 6.14. In the 2D
poroelastic model this value was 5.21 mm while in the 3D model was 2.86 mm.
6.8 Discussion
The aim of this chapter was to compare the use of 3D and 2D models. Elastic
and poroelastic 3D models of an L4L5 motion segment were created based on
the supine MR data of one individual. Because of the unavailability of the data in
other postures, the average sitting displacement and rotation values, calculated
in section 6.2.2 from 9 individuals, were used in this analysis. This means that
the applied boundary conditions in the 3D models are not subject specific. The
material properties were the same as before. Orthotropic material properties of
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Figure 6.13: The pore pressure results over the posterior-anterior path in the centre of
the disc for the 3D and 2D models.
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Figure 6.14: The measured bulges in the 2D and 3D poroelastic models by the end of the
analysis (after 375 second consolidation).
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Figure 6.15: the fluid velocity distribution is shown in the disc (without the vertebrae).
the annulus were applied based on the defined cylindrical orientation for all of the
annulus elements.
In both elastic and poroelastic models, the stress and pore pressure results
in the centre of the nucleus were higher in the 2D model than in the 3D model.
In the 3D poroelastic model the pore pressure value was about one third of the
2D model (figure 6.11). Similarly, in the elastic results, the predicted 2D stresses
were higher than 3D (figure 6.7). However, the pore pressure results are a better
representation of the IDP (Adams et al. 2007).
In the analysis, after applying the displacement, the pore pressure reaches to
a maximum in both 2D and 3D poroelastic models Figure 6.12. This value is 2.5
times more in the 2D model compared to the 3D model; this trend is similar to the
final IDP results discussed earlier.
The pore pressure distribution along the disc is compared in the 2D and the 3D
models (figure 6.13). Although pore pressure value was different, the trend was
the same in the 2D and 3D models along the disc. This is true for the compressive
stresses in the elastic models as well (figure 6.8).
The Mesh convergence results verified the FE models figure 5.8. The mesh
was still unstable than what expected from a mesh convergence test. This is due to
the nature of the poroelastic models mesh (Stokes et al. 2010). It was impossible
to have a more defined mesh with available facilities.
Figure 6.15 shows the effective fluid velocity vector distribution in the disc. The
vectors on the endplates show the direction of fluid velocity, which is from the disc
to the vertebrae. This shows that fluid was able to go out of the disc through the
endplates and was not trapped in the disc.
The disc bulges in the 3D models, elastic and poroelastic, have dropped
dramatically compared to the 2D models (figure 6.13). The bulging value of the
3D models are always less than 3 mm. This difference is due to the consideration
of the out of plane strains in the 3D models.
The results of this chapter shows that in general, the value of the stress and
specially the pore pressure is decreased by using 3D models instead of 2D models.
The bulge values differ in the 2D and 3D model, with the same input. One reason
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for this differences could be the difference in the vertebrae size between the
models; the distance from the boundary where the initial zero pore pressure
applied to the disc, could make a difference in the result. The affects of this
modification was checked by cutting the vertebrae size in the 2d models. The
pore pressure value dropped only 0.1 MPa. More is discussed regarding the
differences between 2D and 3D models in the next chapter.
Chapter 7
Discussion
7.1 Overview
The proceeding chapters described different approaches creating transient and
non-transient postural subject specific models based on MR images. At first,
2D models of the lumbar spine were created to develop the method of applying
image based boundary conditions. Then, these 2D models were improved by
implementing the annulus fibres and the fluid phase boundary conditions. Finally,
3D models of an L4L5 motion segment of one individual were created in the last
chapter.
In this chapter, the results and limitations of the approaches are compared
to see what can be concluded from these models. After reminding the aim of
the project, a summary of the three sets of models is given in the first section.
Then, the results of all the models are compared with each other and the previous
experiments. Next, the shortcomings of the method, and the models, is included.
The future work section contains the planned and unplanned projects in the future
to improve the proposed method.
7.2 Summary
The aim of this project was to investigate the possibility of creating postural subject
specific FE models of the lumbar spine based on imaging data. This approach
involved calculating the changes between the postures by comparing the images
of each individual and calculating the motion of the vertebral bodies, assumed as
rigid bodies. This was applied to the models, established from the imaging data, in
the form of displacement and rotation.
The first set of lumbar spine models, chapter 4, were based on the 2D MR
images of nine healthy individuals. Their geometries were created by assigning
landmark points to the MR images of each subject in the supine posture. The
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boundary conditions were calculated by comparing the MR images of each subject
in standing and sitting with respect to the supine posture. Elastic and poroelastic
models of each individual were created. The models showed that it is feasible to
combine FE modelling and MR imaging to compare the pressure in different pos-
tures. But there were limitations and simplified assumptions that were associated
with these models concerning the material and fluid boundary conditions.
The second set of the models, chapter 5, were the improved version of the 2D
models. The geometry and the solid phase boundary conditions were exactly the
same. However, the material properties of the annulus were modified to consider
fibres and the fluid phase boundary conditions were assigned to the model. The
pore pressure results in the centre of the L4L5 nucleus were exported for all of
the nine individuals in standing and sitting. The comparison showed that in the
majority of subjects the pore pressure was higher in sitting. In two subjects the
pore pressure was nearly the same and in one, the pore pressure was higher in
standing. This pattern was consistent with the compressive stresses predicted
in the elastic model. The sensitivity analysis of the poroelastic model showed a
large dependency on the input vertical boundary condition. The bulging size of the
annulus were bigger than the values measured in in-vitro experiments reported
in the literature. It was proposed that these large bulges were the result of not
considering the out of plane motion (in other words, using 2D models instead of
3D).
Hence, an elastic and a poroelastic 3D model of one individual in the sitting
posture were created to assess the difference between the 2D and 3D models. The
3D MR images of the L4L5 motion segment were segmented and the geometry
of the model was created. However, MR images of this individual in standing
and sitting were not available. Therefore, the average value of the 2D boundary
conditions were used in the elastic and poroelastic 3D models. Also, based on the
mid-sagittal slice of the MR images, 2D models were created. The results of the
2D and the 3D model were compared, showing that the 3D models estimate lower
disc bulging and pore pressure values in the disc.
As a validation, the L4L5 nucleus pore pressure results were compared to
the Sato et al. (1999) in-vivo results. Furthermore, the disc bulge values were
compared to in-vitro measurements Brinckmann & Grootenboer (1991).
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Figure 7.1: IDP measured by Sato et al. (1999), Wilke et al. (1999) in standing and
standing compared to the 2D models and the 3D model results (95% confidence).
7.3 Comparison of the model and experimental re-
sults
7.3.1 Intradiscal pressure (IDP)
In this study, a selection of elements in the centre of the L4L5 nucleus was created.
The average pore pressure for this selection was assumed to be the L4L5 IDP.
The reason for choosing the L4L5 level was to be consistent with the experiments;
in both Sato et al. (1999) and Wilke et al. (1999) the IDP was measured in the
L4L5 disc.
Figure 7.1 compares the results of the 2D models, 3D models and the exper-
imental results. The IDP results of the 2D models were estimated to be higher
compared to the Sato et al. (1999) and Wilke et al. (1999) experimental results.
This is more discussed in section 7.3.3.
The IDP results from the 2D models (figure 5.7), show different variations of the
pore pressure results for each subject; Most had higher pore pressure in sitting,
some in standing and some had the same pore pressure in standing and sitting.
This means that for each subject, the effects of postural changes on the lumbar
spine pressure and stress distribution is unique.
In the experimental results (Sato et al. 1999, Wilke et al. 1999), differences
within the subjects can be seen as well. In Sato et al. (1999), the IDP was bigger
in the sitting posture compared to standing, except for one individual. However,
the IDP difference between the postures varies in each individual. The IDP
results of the only individual in the Wilke et al. (1999) study, are the opposite;
the IDP is higher in the standing than sitting. Dreischarf et al. (2010) explains
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that this difference can be the result of different arm position in the process of
measuring the IDP. Different arm positions will result in different spinal curvature
and, therefore, different IDP. Another implication, however, can be that in each
subject, the pressure distribution and magnitude is different. That is the reason
why we need subject specific models to analyse the IDP and the stress distribution
in the spine.
7.3.2 Elastic versus poroelastic models
Poroelastic models are more realistic compared to elastic models because they
consider the time-dependant response of the disc (section 3.2.5). They also repre-
sent pore pressure which according to Adams et al. (2007) is the best measure
of the IDP. However, poroelastic models take a long time to solve. Also, they are
associated to unstable mesh convergence (Stokes et al. 2010). Elastic models,
however, are less time consuming when creating (no need for fluid boundary
condition) and analysing. In this study for example, the poroelastic model took
approximately 10 times longer to solve than the elastic model with the same mesh
density.
The result patterns for the elastic models and poroelastic models were the
same (Figure 5.7). So the elastic models can be used for comparison of the
stresses between the postures. Nevertheless, the poroelastic models and the pore
pressure results are still necessary when the IDP values are being considered in a
study.
7.3.3 2D versus 3D
The main reason to create the 3D models was to decrease the amount of bulges
in the 2D models. It was thought that the constrains in the 2D models (no out of
plane strains) caused the unrealistic bulges. The annulus bulges were reduced in
the 3D models as shown in figure 6.14 and were closer to in-vitro measurements
(Brinckmann & Grootenboer 1991). This highlights the limitations of the 2D models
and their incapability of modelling the out of plane deformations.
Figure 7.1 compares the 3D model and the 2D model results with the Sato et al.
(1999) and Wilke et al. (1999) experiments. The 2D model predicted higher pore
pressure than the experimental range for both standing and sitting. Although the
3D model is not subject specific, it does show pore pressure to be one-third of the
matching 2D model. It can be assumed that if the nine individuals were modelled
3D, the results would have been lower than they were 2D. This indicates the
limitation of the 2D model to quantify the pressure and the stresses in the model.
3D models, however, are very complicated to make and very time consuming to
solve; the posterior elements of the vertebrae geometry had to be removed to
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solve the model within a month. 2D models, on the other hand are pragmatic
approach and less time consuming. For example, the poroelastic 3D model had
been running for two weeks without being solved before it was stopped.
Therefore, the results of the 2D models should be looked at with caution; they
can be used to compare the postures but they over-estimate the IDP and the disc
bulges.
7.4 Limitations and assumptions
7.4.1 Subject specific modelling
The overall results suggest that the subject specificity plays an important role in
our model; the geometry and boundary conditions of each individual were different
from the other. This difference resulted in different pressure and stress distribution
and values between the subjects. This implies the importance of subject specific
modelling for biomechanical studies. Previous studies have emphasised this issue
as well (Dreischarf et al. 2014).
The models in this study are all subject specific in terms of the input geometry
and the boundary conditions; however, the material properties were not subject
specific. In reality the material properties vary largely between individuals. In
Cortes et al. (2014), for example, the annulus Young’s modulus variation was
25.07±21.6 MPa (Mean±SD). This variation would have an impact on individual’s
results. The model is sensitive to 25% variation of the input material properties
such as annulus matrix Young’s modulus, nucleus Young’s modulus and nucleus
permeability as shown in figure 5.7 (material properties’ variables).
The sensitivity analysis results (figure 5.7), showed that the changes in the
vertical displacement inputs can make a big difference (20%) in the final results.
This means that the pore pressure results of the model are the most sensitive
to the lumbar spine vertical displacement input. Therefore, the accuracy of the
calculated boundary condition should be very high. At the moment, based on
figure 4.4, the boundary condition calculation errors are big enough to have an
impact on the results. As a result, a more sophisticated procedures and images
with higher resolution are needed to calculate the postural boundary conditions
such as quantitative fluoroscopy (Breen et al. 2006, Wang et al. 2013).
At the initial stage of the poroelastic models, 0.1 MPa pore pressure was
applied to the annulus boundaries. This pressure reproduces the intrinsic pressure
within the disc according to Nachemson & Evans (1968). Furthermore, the initial
geometries of the models were based on the supine posture. In the supine posture,
there is pressure from ligaments and muscles on the spine and the spine is not
relaxed. In the supine MR scanning process, a pillow was placed underneath
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the subjects’ knees, relaxing the back muscles (Hirasawa et al. 2007). This is
the reason for applying the 0.1 MPa initial pore pressure instead, which is the
measured value for the prone posture in Sato et al. (1999) and Wilke et al. (1999).
This pressure was assumed to be same in all of the subjects. It is currently
not possible to measure this pressure in-vivo and, therefore, model it subject
specifically.
The swelling pressure was not directly modelled. The 0.1 MPa applied initial
pore pressure, however, would partially simulate the effects of swelling pressure
(Galbusera, Schmidt, Noailly, Malandrino, Lacroix, Wilke & Shirazi-Adl 2011).
Wang et al. (2013) used a similar technique and validated the procedure in
their study. Their study included the elastic models only and 20% error was found
for the measured values.
7.4.2 Material model
The behaviour of the spinal tissues is very complex; one of the reasons is the
material properties of the tissues and their response to an external load. It is very
important to model such behaviour by assigning appropriate material properties.
Although, these properties are dependant on the modelling style and are always
associated with limitations.
The annulus was modelled with orthotropic material properties to consider the
direction dependency in its response. This approach is a very simple approach
compared to the recent published disc models such as Williams et al. (2007).
For example, there was no difference between the tension properties and the
compression properties of the disc. This is because of the unknown specific
material properties of the individual. I tried to keep the models simple rather than
complicated since the specific properties of the tissues, still, remain unknown.
The permeability of the lumbar spine, discs and vertebrae, were not strain
dependant in these models. The permeability is dependant on the strain of the
material (equation 3.30). The sensitivity of this permeability with respect to M
and k0 has been studied by Riches (2012). It was found that for different inputs
of M and k0, the permeability does not change significantly. In other words, the
permeability is insensitive to M . Also, M changes for each individual and, usually,
is not defined specifically for each subject. In this study, the permeability of the
tissues was not defined as strain dependant. Although this is a limitation of the
model, strain dependant permeability variables are not known for each subject.
It would be impossible to apply this initial condition subject specifically. Although,
The difference of the prone posture IDP in different subjects was 0.03 MPa. This
pressure is negligible compared to change in pressure for upright standing or
sitting.
In this thesis, the vertebral bodies were modelled as rigid bodies. Many other
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models had the same approach of modelling the vertebral bodies rigidly (e.g.
Shirazi-Adl (1994), Wang et al. (2014). It was impossible to detect the changes in
the vertebral bodies with the current image resolution. Hence, the endplate bulges
were not modelled. Although, the measure value for these bulges are less than
0.2 mm (Holmes et al. 1993). However, in the daily postures, the stresses on the
vertebral bodies are not high enough to make a notable change in their geometry.
7.4.3 Kinematic based FE
As reviewed in section 2.3 the only in-vivo procedures to measure the IDP is by
pressure transducers and vertebral implants (Dreischarf et al. 2015). The kinematic
driven finite element modelling acquired in this work, offers a non-invasive vision
to study the in-vivo IDP and pressure distribution in different postures, for multiple
individuals in various disc levels.
The excessive mechanical loading is still considered one of the most important
causes of disc degeneration and pain (Adams & Dolan 2005, Raj 2008). An
application of the proposed procedure, would be to investigate the possibility of
either disc degeneration or acute injury in different situations and postures. As
reviewed in section 2.3, various studies have investigated the difference in spinal
loads in everyday postures such as sitting and standing to asses which of these
postures gives rise to the highest loads. Many other postures and activities, such
as manual handling (Potvin 2008), could be assessed using this approach to
understand whether they potentially lead to increased loading for an individual.
Also, it can help designers to improve the instrument design to decrease the
load on the discs, (for example designing a backpack (Neuschwander et al. 2010,
Brackley et al. 2009).
It is crucial to asses the loads in the spine for a range of individuals. An
application of this non-invasive approach is to quantify the typical loads in certain
activities in different individuals. This information would be invaluable for designing
implants (Weber et al. 2015) and other treatments such as disc regeneration
therapy.
Previously, it has been found that there are differences in the lumbar vertebra
motion pattern in patients who already have back pain, compared to healthy
controls (Mellor et al. 2014). However, it is not currently known whether these
differences in motion patterns also correspond to differences in loading in the spine.
This method provides the tools to investigate the potential relation between the
vertebra motion pattern in the patients and the loading in the spine. Furthermore,
by extending the modelling to 3D and including the posterior elements, the load
sharing between the discs and the facet joints could also be determined. This
helps the understanding of the relevance of the different motion patterns and
potentially improving the management of these patients.
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The created models are image based and kinematic driven; that means that
there is no need to include the muscle activities in the model. This is a huge
advantage compared to load driven or muscle models of the spine. Modelling
all of the spinal muscles and validating them is nearly impossible; the number of
unknowns are usually reduced by using regression or optimisation models (Rajaee
et al. 2015). Additionally, there is no need to model the pedicles, posterior bony
elements or even facet joints to calculate IDP. This makes the spine modelling a
less complicated task with less assumptions.
The sensitivity analysis results (figure 5.7), showed that the changes in the
vertical displacement inputs can make a big difference (20%) in the final results.
This means that the pore pressure results of the model are the most sensitive
to the lumbar spine vertical displacement input. Therefore, the accuracy of the
calculated boundary condition should be very high. At the moment, based on
figure 4.4, the boundary condition calculation errors are big enough to have an
impact on the results. As a result, a more sophisticated procedures and images
with higher resolution are needed to calculate the postural boundary conditions
such as quantitative fluoroscopy (Breen et al. 2006, Wang et al. 2013).
7.5 Future work
Although the IDP and disc bulges results of this thesis were compared to the
experimental results as a validation, the method itself should be validated, sepa-
rately. This could be achieved by measuring the in-vitro IDP in the cadaver discs
whilst applying the known displacement and modelling the procedure. Then, the
results of the experiment and the model are compared and correction factors are
calculated, if necessary.
It is not possible yet to measure all of the properties of a subject’s lumbar spine.
There has been some developments to measure the material properties using
MR imaging (Pe´rie´ et al. 2006) and ultrasound elastrography (Vergari et al. 2014).
These methods could help to measure the individual’s specific material properties.
With these data, the FE model could be specific to the subject’s material properties
as well.
In these models, boundary conditions were associated with errors and in
the sensitivity analysis they were proved to be important. These errors were
because of the MR image resolution and the simple approach used to estimate
the displacement and the rotation. The boundary condition calculation could be
improved using a more accurate approach such as quantitative fluoroscopy. Also,
the number of subjects could be increased to improve the confidence in the results.
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7.6 Conclusion
In this work, the feasibility of creating a subject specific models based on kinematic
data and images was confirmed. These models can be used to compare different
subject specific outputs for different postures. They have the advantage of not
needing the muscles to be modelled; this would mean less assumptions and
unknowns. The results show different stress and pressure distribution between
the individuals. This is a result of the difference in geometry and the motion of
individual (the inputs of the model). Also, 3D elastic and poroelastic models of an
individual were created. The stress and pore pressure results of these models
were within the measured range in the literature. Further investigation, however, is
required to validate these models.
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Appendix A
The calculation of boundary
conditions
In this appendix the written MATLAB scripts to find the standing and sitting trans-
lation and the rotation is included. The mentioned points are the sample points
for one of the subjects. The comments describe the defined matrices and their
purpose.
1 A= inpu t ( ’ Please enter the Supine po in t s \n ’ ) ;
2 %A = [ ] ;
3
4 %%A i s Supine ( re ference )
5
6
7 B = inpu t ( ’ Please enter the coord ina tes o f s tand ing or
s i t t i n g ’ ) ;
8 %B = [ ] ;
9
10 %%B i s stand ing or s i t t i n g
11
12 %%L i s Lumbar stand ing or s i t t i n g
13
14 A T=zeros (168 ,2) ;
15
16 % %A T i s a t r a n s l a t e d mat r i x o f A a f t e r t r a n s l a t i o n
17
18 %%LR i s Lumbar re ference
19 Trans=zeros (6 ,2 ) ;
20 Rot=zeros (6 ,1 ) ;
21 O C=zeros (6 ,2 ) ;
22 R PA=zeros (6 ,2 ) ;
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23 O C1=zeros (6 ,2 ) ;
24 t he ta=zeros (6 ,1 ) ;
25 A Ft=zeros (2 ,168) ;
26
27 f o r n=0:5
28 %f o r 6 lumbar ver tebrae
29 f p r i n t f ( ’ f o r the ver teb ra number ’ )
30 disp ( n+1)
31
32 % Def in ing and sepera t ing each 28 po in t s as a lumbar l e v e l .
33
34 %%%%% TRANSLATION %%%%%
35 M A = [ mean(A ( n∗28+1 : ( n+1)∗28 ,1 ) ) , mean(A ( ( n∗28) +1 : ( n
+1) ∗28 , 2) ) ] ;
36
37 %M A i s the re ference ( cent re ) po i n t coord ina te f o r each
ve t rebra i n the supine .
38
39 M B = [ mean(B( n∗28+1:(n+1) ∗28 ,1) ) , mean(B ( ( ( n∗28) +1) : ( n+1)
∗28 ,2) ) ] ;
40
41 %M B i s the re ference ( cent re ) po i n t coord ina te f o r each
ve t rebra i n the standing .
42
43 T = M B − M A ;
44
45 %%T i s d isp o f cent re stand ing from supine
46
47 f o r j =28∗n+1:28∗ (n+1)
48
49 A T ( j , : ) =T ( 1 , : ) + A( j , : ) ;
50 % %A T i s the VECTOR t r a n s l a t i o n o f mat r i x A to B(
t r a n s l a t i o n o f s tanding or s i t t i n g )
51
52 end
53
54 O C( n +1 , : ) =M B ;
55 % %To save the cent res o f s tand ing \ s i t t i n g
56
57 R PA( n +1 , : ) =M A ;
123
58 % RF po in t s i n Abaqus ( cent re o f supine )
59
60 O C1( n +1 , : ) = [mean( A T ( n∗28+1:(n+1) ∗28 ,1) ) , mean( A T ( ( ( n∗28)
+1) : ( n+1) ∗28 ,2) ) ] ;
61 % %to save the cent re a f t e r t r a n s l a t i o n supine
62
63 Trans ( n +1 , : ) =T ;
64 f p r i n t f ( ’ \n The displacement o f the cent re i s : ’ )
65 disp (T )
66
67 %%%%%% ROTATION %%%%%
68
69 P=zeros (28 ,2 ) ;
70 Q=zeros (28 ,2 ) ;
71 f o r j =28∗n+1:28∗ (n+1)
72
73 P( j , : ) =A( j , : )−M A ;
74 % P i s [A− Centro id o f WHOLE A ] . The p o i s t i o n o f the
A po in t s a f t e r
75 % t r a n s l a t i o n
76 Q( j , : ) =B( j , : )−M B ;
77 % Q i s [B− Centro id o f WHOLE B ] . The p o s i t i o n o f the
B po in t s a f t e r
78 % t r a n s l a t i o n .
79
80 end
81
82 M=P’ ∗Q;
83 [U, S, V]= svd (M) ;
84 % s i n g u l a r value decomposit ion method f o r the M mat r i x .
85
86 R = V∗U ’ ;
87 % Rotat ion mat r i x ”R ” . I s now found .
88
89 t he ta ( n+1 ,1)=as in (R(2 ,1 ) ) ;
90 % saving angles f o r each r o t a t i o n
91
92 f o r k=28∗n+1:28∗ (n+1)
93
94 A Ft ( : , k ) = M B’+ R ∗ (A( k , : )− M A ) ’ ;
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95 % having A F as f i n a l po in t s o f ro ta ted ( A Ft i s the
transpose of A F )
96
97 end
98
99 f p r i n t f ( ’ \n The r o t a t i o n o f the ver tebra , i n Radian , i s : ’ )
100 disp ( the ta ( n+1 ,1) )
101
102 end
103
104 A F = A Ft ’ ;
105 %A F i s the f i n a l po in t s a f t e r t r a n s l a t i o n and r o t a t i o n ( i n
p i x e l s u n i t ) .
106
107 %Now to check i f the t r a n s l a t i o n and r o t a t i o n worked f i ne ,
we compare each
108 %transformed po in t to the po in t which was the t a r g e r . t h a t
means the f i n a l
109 %trans fo rma t i on supine mat r i x i s being compared the
stand ing / s i t t i n g
110 %mat r i x
111 Dis t =zeros (168 ,1) ;
112
113 d i f f V =B−A F ;
114
115 %d i f f V i s the mat r i x where X and Y changes btn A F and B
are ca l cu la ted
116 f o r i =1:168
117
118 Dis t ( i , 1 ) = s q r t ( ( d i f f V ( i , 1 ) ) ˆ2+( d i f f V ( i , 2 ) ) ˆ 2 ) ;
119 end
120 %Distance i s the d is tance btn the two A F and B.
121
122 M R=zeros (6 ,1 ) ;
123 M Std=zeros (6 ,1 ) ;
124
125 f o r n=0:5
126 M R( n+1 ,1)=mean( D i s t ( n∗28+1 : ( n+1) ∗28) ) ;
127 M Std ( n+1 ,1)=std ( ( D i s t ( n∗28+1 : ( n+1)∗28 ) ) ) ;
128 end
125
129
130 A f t e r s c a l e t r a n s =1.17∗Trans ;
131 % To f i n d the t r a n s l a t i o n i n ”mm” .
132
133 A f t e r s c a l e t r a n s
134 Trans ;
135 t he ta
136 M R;
137 M Std ;
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Appendix B
Adding the curves in the geometry
B.1 Introduction
To add the annulus bulging points a MATLAB code was generated. By using this
code points were selected on the MR image shown in figure B.1. These points
were saved as “PTSnew”.
B.2 Annulus curves
1 c l ea r a l l
2 c lea rva rs
3 format sho r t
4
5 %%%%%%
6 % The path and f i l e need to be set a p p r o p r i a t e l y
7 path = ’K:\ Postures and s t ress i n i n t e r v e r t e b r a l d d iscs \
add po in ts \ ’ ;
Figure B.1: The selected points (blue)for the bulges of the annulus.
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8 f i l e = ’471−3−6 ’ ;
9 %%%%%%
10
11 % Read i n the image , ad jus t the con t ras t and d i sp lay
12 mri im = imread ( s t r c a t ( path , ’ images\ ’ , f i l e , ’ . jpg ’ ) ) ;
13 gr im = mr i im ( : , : , 1 ) ;
14 %f i g u r e ( 1 ) ; i m h i s t ( gr im )
15 gr im = imadjus t ( gr im , [ ] , [ 0 1 ] , 0 . 5 ) ;
16 %f i g u r e ( 2 ) ; i m h i s t ( gr im )
17 f i g u r e ( 3 ) ; imshow ( gr im , [ min ( min ( gr im ) ) max(max( gr im ) )
/ 2 ] , ’ I n i t i a l M a g n i f i c a t i o n ’ ,200)
18 hold on
19
20 % Import the po in t s
21 Pdat = impor tdata ( s t r c a t ( path , ’ po in t s \ ’ , f i l e , ’ . p ts ’ ) , ’ ’ , 3 )
;
22 Pts = Pdat . data ;
23 Ptsd isp = Pts +1;
24 p l o t ( Ptsd isp ( : , 1 ) , Ptsd isp ( : , 2 ) , ’ . y ’ )
25 hold o f f
26
27 cont = 1 ;
28 count = 1 ;
29 whi le cont == 1
30 disp ( ’ C l i c k to make a po in t ’ )
31 h = impo in t ;
32 disp ( ’Move po in t i f requ i red , double c l i c k to cont inue ’
)
33 wai t ( h ) ;
34 Ptsnew ( count , : ) = ge tPos i t i on ( h )−1;
35 disp ( ’ C l i c k to make more po in t s ; press a key to end ’ )
36 w = wa i t f o rbu t t onp ress ;
37 i f w == 0
38 cont = 1 ;
39 count = count +1;
40 else
41 cont = 0 ;
42 end
43 end
44 Ptsnew
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B.3 Fitting a circle
Then the best circle passing through these points was calculated using a MATLAB
function (circfit).
1 f u n c t i o n [ xc , yc ,R, a ] = c i r c f i t ( x , y )
2 %
3 % [ xc yx R] = c i r c f i t ( x , y )
4 %
5 % f i t s a c i r c l e i n x , y plane i n a more accurate
6 % ( less prone to i l l c o n d i t i o n )
7 % procedure than c i r c f i t 2 but using more memory
8 % x , y are column vec to r where ( x ( i ) , y ( i ) ) i s a measured
po in t
9 %
10 % r e s u l t i s center po in t ( yc , xc ) and rad ius R
11 % an o p t i o n a l output i s the vec to r o f c o e f i c i e n t a
12 % desc r ib ing the c i r c l e ’ s equat ion
13 %
14 % xˆ2+y ˆ2+a ( 1 ) ∗x+a ( 2 ) ∗y+a ( 3 ) =0
15 %
16 % By : Izhak bucher 25/ oc t /1991 ,
17
18
19 % x=A ( : , 1 ) ; y=A ( : , 2 ) ;
20 a=[ x y ones ( s ize ( x ) ) ]\ [ − ( x . ˆ2+ y . ˆ 2 ) ] ;
21 xc = −.5∗a ( 1 ) ;
22 yc = −.5∗a ( 2 ) ;
23 R = s q r t ( ( a ( 1 ) ˆ2+a ( 2 ) ˆ 2 ) /4−a ( 3 ) ) ;
B.4 Visual validation
In the end the lumbar spine and the fitted circle were sketched to make sure that
the selection is satisfactory. The resultant sketch is shown in figure B.2
1
2 % F i r s t the m−add−po in t s .m f i l e should be run . This f i l e
w i l l i n t roduce
3 %the po in t s should be c a r e f u l l y d i s t r i b u t e d and checked i n
the
4 %end i f they match or notnew po in t s as ” Ptsnew ” matr ice .
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Figure B.2: The fitted circle based on the selected points
5 A=Ptsnew ;
6 %In t roduc ing the cent re and rad iuce of the f i t t e d c i r c l e (
x f i t , t f i t , R f i t )
7 [ x f i t , y f i t , R f i t , a ] = c i r c f i t (A ( : , 1 ) ,A ( : , 2 ) ) ;
8 %New f i g u r e
9 f i g u r e
10 Centre =[ x f i t y f i t ] ;
11 %p l o t t i n g the se lec ted po in t s
12 l a b e l s = c e l l s t r ( num2str ( 1 : range (A) ) ) ;
13 p l o t (A ( : , 1 ) ,A ( : , 2 ) , ’ k . ’ )
14 hold on
15 V= inpu t ( ’ Please enter the coord ina tes o f supine posture ’ ) ;
16 p l o t (V ( : , 1 ) ,V ( : , 2 ) , ’ h ’ )
17 %P l o t t i n g the c i r c l e
18 rec tang le ( ’ p o s i t i o n ’ , [ x f i t −R f i t , y f i t −R f i t , R f i t ∗2 , R f i t
∗ 2 ] , . . .
19 ’ cu rva tu re ’ , [ 1 , 1 ] , ’ l i n e s t y l e ’ , ’− ’ , ’ edgecolor ’ , ’ r ’ ) ;
20 t i t l e ( s p r i n t f ( ’ Best f i t : R = %0.1 f ; Ct r = (%0.1 f ,%0.1 f ) ’
, . . .
21 R f i t , x f i t , y f i t ) ) ;
22 p l o t ( x f i t , y f i t , ’ g . ’ )
23 B=s ize (A) ;
24 l a b e l s = c e l l s t r ( num2str ( ( 1 : B ( : , 1 ) ) . ’ ) ) ;
25 t e x t (A ( : , 1 ) , A ( : , 2 ) , labe ls , ’ Ve r t i ca lA l i gnmen t ’ , ’ bottom ’ ,
. . .
26 ’ Hor izon ta lA l ignment ’ , ’ r i g h t ’ )
27
28 Centre
Appendix C
Transforming stresses
C.1 Introduction
As discussed, the compressive stresses differ from vertical stresses due to the
difference in the orientation of the discs compared to the global orientation. There
are two steps of calculating the compressive stresses based on the resultant stress
tensor; calculating the disc orientation angle and calculating the rotated stress
tensors.
C.2 Calculating the disc angle
1 c l ea r a l l
2 %F i r s t the whole lumbar spine po in t s ( s tand ing / s i t t i n g ) :
3 L4L5= ’ Please enter the supine posture coord ina tes : ’ ;
4
5 f i g u r e
6 %p l o t t i n g L4−L5 wi th l a b l e s f o r each po in t
7 %L4L5 =[ Spine (29 :84 ,1 ) , Spine (29 :84 ,2 ) ] ;
8 p l o t ( L4L5 ( : , 1 ) , L4L5 ( : , 2 ) , ’ b . ’ )
9 l a b e l s = c e l l s t r ( num2str ( [ 1 : 5 6 ] ’ ) ) ;
10 t e x t ( L4L5 ( : , 1 ) , L4L5 ( : , 2 ) , labe ls , ’ Ve r t i ca lA l i gnmen t ’ , ’
bottom ’ , . . .
11 ’ Hor izon ta lA l ignment ’ , ’ r i g h t ’ )
12
13 %Now s e l e c t i n g the two po in t s o f the ver teb ra ( endplate )
t h a t we want to
14 %c a l c u l a t e the slope f o r :
15 %Continue i n EndplateAngles2 .m
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1 %Now s e l e c t i n g the two po in t s o f the ver teb ra ( endplate )
t h a t we want to
2 %c a l c u l a t e the slope f o r :
3 P1L4=18;
4 P2L4=12;
5 P1L5=54;
6 P2L5=32;
7 hold on ;
8 L41 =[ L4L5 ( P1L4 , 1 ) , L4L5 ( P1L4 , 2 ) ] ;
9 L42 =[ L4L5 ( P2L4 , 1 ) , L4L5 ( P2L4 , 2 ) ] ;
10 L51 =[ L4L5 ( P1L5 , 1 ) , L4L5 ( P1L5 , 2 ) ] ;
11 L52 =[ L4L5 ( P2L5 , 1 ) , L4L5 ( P2L5 , 2 ) ] ;
12 SlopeL4 =(L42 ( : , 2 )−L41 ( : , 2 ) ) / ( L42 ( : , 1 )−L41 ( : , 1 ) ) ;
13 SlopeL5 =(L52 ( : , 2 )−L51 ( : , 2 ) ) / ( L52 ( : , 1 )−L51 ( : , 1 ) ) ;
14 F=[ min ( L4L5 ( : , 1 ) ) : 0 . 1 : max( L4L5 ( : , 1 ) ) ] ;
15 %the l i n e i s f o r j u s t the slope G=SlopeL4∗F’−Spine ( P2L4 , 2 ) ;
16 %but to t e s t i f the l i n e passes through the se lec ted po in t s
:
17 H=SlopeL5∗F ’ + ( L4L5 ( P1L5 , 2 )−(SlopeL5∗L4L5 ( P1L5 , 1 ) ) ) ;
18 G=SlopeL4∗F ’ + ( L4L5 ( P1L4 , 2 )−(SlopeL4∗L4L5 ( P1L4 , 1 ) ) ) ;
19 p l o t (F ,H, ’ r ’ )
20 p l o t (F ,G, ’ k ’ )
21 t he ta=atan ( ( SlopeL4+SlopeL5 ) / 2 ) ;
22 K=( SlopeL4+SlopeL5 ) /2∗F ’ ;
23 %p l o t (F ,K , ’ r ’ )
24 p l o t ( L4L5 ( : , 1 ) , L4L5 ( : , 2 ) , ’ b . ’ )
25 t he ta
C.3 Calculating the stress tensor after rotation
1 format shorteng
2 t he ta= ’ Please enter the angle o f o r i e n t a t i o n ’ ;%2D e l a s t i c
Standing
3
4 S= ’ Please enter the s t ress tensors ’ ;%The s t ress tensor
before r o t a t i o n
5
6 f o r i =1:4
7 A1=[ cos ( the ta ( i ) ) s in ( the ta ( i ) ) 0 ; −s in ( the ta ( i ) ) cos (
the ta ( i ) ) 0 ; 0 0 1 ] ;
8 A2=[1 0 0; 0 cos ( 0 ) s in ( 0 ) ; 0 −s in ( 0 ) cos ( 0 ) ] ;
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9 A3=[ cos ( 0 ) s in ( 0 ) 0 ; −s in ( 0 ) cos ( 0 ) 0 ; 0 0 1 ] ;
10 %Sigma =[S ( ( i −1)∗3+1 ,( i −1)∗3+1) S ( ( i −1)∗3+1 ,( i −1)∗3+2) S ( ( i
−1)∗3+1 ,( i −1)∗3+3) ;
11 % S ( ( i −1)∗3+2 ,( i −1)∗3+1) S ( ( i −1)∗3+2 ,( i −1)∗3+2) S ( ( i −1)
∗3+2 ,( i −1)∗3+3) ;
12 % S ( ( i −1)∗3+3 ,( i −1)∗3+1) S ( ( i −1)∗3+3 ,( i −1)∗3+2) S ( ( i −1)
∗3+3 ,( i −1)∗3+3) ]
13 Sigma =[S( i , 1 ) S( i , 4 ) 0 ;
14 S( i , 4 ) S( i , 2 ) 0 ;
15 0 0 S( i , 3 ) ] ;
16 A=A1∗A2∗A3 ;
17 NewSigma ( ( i −1)∗3+1: i ∗3 ,1 :3 )=A∗Sigma∗A ’ ;
18 end
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